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FACTORS FOR CONVERTING INCH-POUND UNITS TO INTERNATIONAL SYSTEM (SI)
OF METRIC UNITS

Multiply inch-pound unit Yy To obtain ST unit
Length
inch (4n.) 25.40 ‘millimeter (ma)
foot (ft) 0.3048 peter (m)
sile (mi) : 1.609 kilooeter (im)
Area
square mile (m1?) 2.590 square kilometer (kz?)
Flow
cubic foot per second (fti/s) 28.32 liter per second (L/s)
gallon per minute (gal/min) 0.06309 © liter per second (L/s)
pillion gallons per day (Mgal/d) 3.8 liter per second (L/s)

Hydraulie Units

transoissivity, square foot 0.0529 square meter per day
per day (£t/¢8) (n?/q)

hydraulie conductivity, 0.3048 seter per day (m/d)
foot per day (ft/4)

foot per mile (rt/mi) 0.1894 - meter per kilometer

(2/km)
inch per year (in./yr) 25.40 pillipeter per year
' (zr/yr)

NATIONAL GEODETIC VERTICAL DATUM OF 1929 (NGVD)

' Pormerly called SEA LEVEL DATUM 1629. A geodetic datum derived froz a
general adjusizent of the first order level nets of both the United States
In the adjustoment, sea levels from selected TIDE stations in
both countries were held as fixed. The year indicates the time of the last
general adjustment. This datum should not be confused with MEAN SEA LEVEL.

BRAND NAMES

The use of brand names {n this report s for {dentificafon purposes only

and does not imply endorsezent by the U.S. Geological Survey.
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HYDROLOGIC AND CHEMICAL EVALUATION OF THE GROUND-WATER
_ RESOURCES OF NORTHWEST ELKHART COUNTY, INDIANA

By Thomas';. Imdrigiotta and Angel Ha;tin, Jr.

ABSTRACT

- A 3-year study in northwest Elkhart County, indisna, was done to (1) de-
fine the general flowv and Qquality of water in the outwash aquifer systesm, (2)
deternine 4if a well field proposed for a site at the Elkhart Municipal
Afrport would draw leachate from the Himco landfill, and (3) define the areal
extent of the ground water affected by the landfill and an east-side indus-

trial-park area.

The cutwash aquifer=s are mainly composed of sand ané gravel and are sep-
arated by a silt an? clay bded. The saturated thickness of these deposits
sverages 175 feet and vanges froz 85 to 500 feet. Where present, the silt
and clay bed confines the underlying aquifer. The confining bed is absent &n
the area underlying the landfill and part of the airport. Average hvdraulic
conductivities of the sand, and the sand and gravel, are 80 and 400 feet per
day, respectively. Regicnal ground-vater flov {3 towvard the St. Joseph River.

A qQuasi-three-dimensional ground-water flow ®model, calidbrated to match
peasured water levels and river seepages, was used to simulate proposed pump-
ings in the airport area. Drawdowns for simulated puzpings of 7.5-, 10-, and
20-2311%0on gallons per day were small percentages of the saturzted thick-
nesses of the unconfined aquifer underlying the alirport area. Model-sipu-
lated streanflow reductions in Christiana Creek for these pumpings were 9,
12, and 23 percent of bdase flow, respectively. The model-simulated, steady-
state water~level maps for the 7.5~ and 10-million-gallons-per-day pumping
experinents indicated that these puzpings would not drawv water from the land-
411 area to the pumping center at the alrport. The sfmulated map for the
20-million-gallons~per~day puDping indicated that only a szall part ef the
flow into the pumping center could cozme from the landfill area.

The general quality of ground water in the study area, defined by analy-
ses of 68 water sacples from 35 observation wells, fncluded slightly basic pH
(7-8), average hardness greater than 200 milligrans per 1{ter as calcfum car-
bonate, average alkalinity greater than 150 milligrans per l{ter as calciunm
carbonate, and, in more than 90 percent of the analyses, a calciuzs bdicarbdon-

ste wvater type. '

Eight volatile organic compounds were detected in wvater froz 8 of 19
wvells sazpled in the {ncustrial-park area. The health-effects advisory limit



L)

for chronic exposure to trichloroethylene was exceeded in sazples from six of
these wells. Areally, the results did not define 3 plume or a source of the .

volatile organic compounds.

Concentrations of dissolved solids, bdicarbonate, bdromide, chloride, sul-
fate, amnmonia, caleium, magnesium, manganese, potassium, sodiumw, and dis-
solved organic carbon in the leachate were at least five times their back-
ground concentrations. Concentrations of bromide and dissolved solids were
the best indicators of leachate. Bromide concentrations plotted areally
{ndicated that the landfill was the source of the leachate, the leachate
plume extended betwzen 3,100 and 5,600 feet downgradient from the landfill,
and the plume had not spread laterally much farther than the original width
of the landfill. Bromide and dissolved-solids concentrations plotted in
cross section Indicated that the leachate plume was sinking as it spread
downgradient in the shallow unconfined aquifer and the leachate was present
in deep wells under an? {mmediately downgradient froz the landfill. Al

chemical constituents we=e attenuated within approximately 1 sile downgrad- s
{ent from the landfill.
’—"_—\
INTRODUCTION
- : Problem Definition
Elkhart, Ind., obtains its water supply frozm three well fields screened.
in a thick outwash aquifer. In 1680, daily pumpage from the three fields
.

averaged T Mgal. Increases in population and {ndustrial sctivity projected
for the next 20 years will increase the dezand for wvater in the Elkhart
area. A new wvell field to bde located at the Elkhart Municipal Alrport has

been proposed to zpeet the demand.

Ground-water Qquality has been degraded in some areas near Elkhart by
liquid and solid-waste-disposal practices. Volatile o-ganic compounds have
been detected in residential wvells near an industrial area {n east Elkhart.
A Jandfill on the northwest side of the city has been closed because its
leachate has penetrated the shallow unconfined aguifer. Because the landfill
is approxisately 1 mi from the site proposed for ‘the new well field, -the
quality of ground water at the site could de affected.

To plan the expansion of the water supply, the Elkhart Water Works needed
to determine (1) the hydrologic suitability of the proposed well-field site,
{2) the areal extent of the effects of the landfill and the industrial area
on the local ground-wvater systems, (3) the effect of the landfill on ground
witer at the proposed well-field site, and (&) the locations of other sites
near Elkhart that could provide an adequate ground-water supply.

2=



Purpose and Scope

To assess the prodlems in Elkhirt, the U.S. Geological Survey, in cooper~
ation with the Indiana Depa~tment of Natural Resources and the Elkhart Water

Works, began & study whose objectives were to:

(1) Define the zeneral ground-vater hydrology ot north-
west Elkhart County.

{(2) Define the general gréund-u:ter‘ Quality of the
Elkhart area.

(3) Determine the areal extent of the effects of the
Himco landfill and the east-side indusirial park on

the local ground-water systesm.

(4) Determine the hydrologic effects (extent of cone of
depression, streamflovw reduction) of the proposed
ground-water puzping at the Elkhart HMunicipal
Airport on the local ground-wvater systes.

(5) Determine whether leachate froz the Himeo landfill
would affect the Qquality of wate= at the proposed

new well-field site.

Objectives 1 and 4 are discussed in Part ) of this report, "Cround-Water
Investigation,™ and obdjectives 2, 3, and § are discussed &n Part 2, "Water-

Quality Investigation."
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‘BACKGROUND

Location and History

The study area s in the northwest quadrant of Elkhart County in north-
central Indiana (fig. 1). The 120-mi? study area is bounded on the west by
the Elkhart-St. Joseph County line, on the north by the Michigan State line,
on the east by Indiana State Road 15, and on the south by a line 0.2 mi south
of the towns of Jazestown and Dunlap. These boundaries, as well as the major
rivers, creeks, roads, cities, and towns are shown in figure l.

The city of Elkhart, the h;-;est urban center in thé study ares, covers
16.8 =i?. The population of Elkhart 3s 46,000, and the population in the
fringe area around the city is 23,000 (Elkhart Chamber of Comserce, 1579).

Elkhart is a diversified industrial community of more than 700 businesses.
Major industrial activities are the zanufacture of pharmaceuticals, recrea-~

tional vehicles, mobile homes, and dband instrusents.

Agriculture is the major land use elsewhere in Elkhart County. Dairy and
poultry farzing predozinate, but fruit farming (apples) slso ranks high
(Elkhart Chazber of Commerce, 1979). :

Himco landfill

The Himco landfill, referred to as the “landfill"™ throughout this re;;ort..
43 in nerthwest Elkhart at the intersection of County Rocad 10 and Nappanee

St. Extension. (See figs. 1 and hlu_en:uhart Municipal Alrpert is
approxizately 1 21 northeast of this intersect Pﬂ)‘

The Rimco landfill was operated from 1960 to 1977 by Himco Waste Awvay
Service, Inc. This cozpany hauled and disposed of wastes from virtually all
of Elkhart's major connercial and industrial businesses during this period.
Paper refuse, calcium sulfate, and other pharmaceutical byproducts vere the
wvastes deposited in the largest quantities (Willisz Paynter, Indiana State
Realth Comzission, written commun., 1977}, and James King, Indiana State
Board of Realth, written commun., 1978%). . '

Mezorandum from Willtam Paynter, State Health Commissioner, Indiana State
Board of Health, April 5, 1§77, to Otis Bowen, Governor, State of
Indiana.

*Memorandus from James King, Geologist, Indiana State Board of Health,
January 3, 1678, to David Lamm, Chief of Solid Waste Managenment Section,
Indiana State Board of Health.

-u-
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The ISBH (Indizna State Board of Health) {dentified the Himco site as an
open dump in 1971. In early 1974, residents complained. to the ISBH that
shallow wells imtediately adjacent to the site's south border had taste,
odor, and color prodlems.. The ISBH, under the authority of the 1974 Indiana
State lLaw SPC-18 governing operation and licensing of lanéfills, forced the
closure of this site by avtumn 1677. Thus, froz 1974 to 1977 it was operated

- as a landfill.

The approxisately 30-acre landf{ll site wvas originally a swvampy low-lying
area. By the time of closure, the surface elevation of the fill had risen
approximately 15 ft adove the original ground level at the center and 5 ft
above ground level on the perimeter. 4 0.5-1 ft thick layer of sand and top-

305l was used as a8 final cover.

Industrial Park .

The east-side industrial park, which is referred to as the "industrial
park®™ throughout this report, is bounded on the north by Conrail tracks, on
the west by Riverview Avenue and Outer Drive, on the south by U.S. 20 and the
eity limits of Elkhart, and on the east by Middleton Run Road. (See figs. 1
and 42.) Within the S00-acre park are two industrial developments and some
1and that 4s principally industrial or comzercial. Soame of the more than 60
dusinesses in the park $nclude plants that produce injection-molded plastic
and foam parts, bottled aercosols, and modile-hone parts.

Taste and odor problems were first reported in shallow wells in the
spring of 1975 by residents living in the area between the St. Joseph River
and the industrial park. In January 1976, a fire and an explosion at s coo-
pany in the park directly south of these homes caused storage tanks contain-
ing pesticides and organic sclvents to rupture. At that time, some of the
spilled chenicals infiltrated the sudsurface, and some flowed overland into a
neardy pond. Pesticides were not detected {n water sanmples ccllected from
residential wells shortly after t'e fire (Ralph C. Pickard, Indiana State
Board of Health, written commun., 1977!). Howvever, samples collected from
these wells in May 1976 and anilyzed by the USEPA (U.S. Environmental
Protection Agency) vere found to contain eight volatile organic compounds,
including methylene chloride, 1,l-dichlorocethane, and 1,l,l-trichloroethane
(B411y Fairless, U.S. Environnental Protection Agency, written commun.,
1976%). Because the cozplaints predated the fire and explosion, the source
of these chexicals wvas presumed to be elsevhere {n the {ndusirial park. The
JJSBH {nvestigated all {ndustries in the park adjacent to the affected resi-
dential area dut wvas unadle to deterzine the source of these compounds.

Letter from Ralph C. Pickard, Assistant Comaissioner for Environmental
Health, January 5, 1977, to Mrs. Thozas H. Hoetger, well owner, Elkhart,

Ind. ) .

2letter froe Billy Fairless, Acting Director, Central Regional ladoratory,
U.S. Environzental Protection Agency, June 1, 1976, to Neil Ott, Chief,
Water-Supply Section, Indiana State Board of Health.
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The study area s in the St. Joseph River bdasin. The St. Joseph River
flows from east to west through this region, and all surface drainage in the
study area flows into either the river or its tributaries. The physiography .
on both sides of the river consists of generally flat plains that grade to
rolling and hilly terrain to the north and south. The land-surface elevation
ranges from 950 ft in the hills in the southeast to 740 ft (NGVD of 1929) 4n

the west at the St. Joseph River.

The Elkhart area has a texzperate climate and an average yearly tempera-
ture of 10.1° C. Temper~ature ranges from an average of =4.2? C in January to
23.1* C {n July. The mean annual rainfall is 34.5 fnches. For the climatic
period 1541-70, the average monthly rainfall ranged from 1.69 inches 4n
February to 3.91 dinches in July (National OCceaniec and Atmaspheric
Administration, 1678). Snowfall averages 24.5 in./yr (inch per year) and
usually occurs between November and March.

Gedlegy

Surficial Geology

Clacial Sce extended into the study a-ea four times during the
Pleistocene Epoch. Each period was followed by warmer periods of erosien by
meli-vater strears as the ice receded. As a result, a thick deposit of
stratified and unstratified drift covers the bedrock. The surficilal geology,
shown in figure 2, i3 characterized by a valley train outwash deposit bdounded
on the north, south, and southeast by till plains that {nclude ice-contact
stratified drift and ground-moraine deposits (Johnson and Keller, 19724
Schneider and Keller, 1570). The deposits of till are mainly cozposed of

8ilty sand interbedded with clay and silt units.



L
Bedrock Geology

Bedrock consists of the Coldwater Shale of Mississippian age and the
Sunbury and the Ellsworth Shales of Devonian and Mississippian age (Johnson
and Keller, 1972: Schneider and Keller, 1970). Drillers' logs, seismic logs,
and test-drilling inforzation were used to prepare the bdedrask topographie
pap shown in figure 3. The bedrock dips northeast. In the west-central] part
of the study area is a preglacial bedrock valley whose axis trends northeast-
southwest. Depth to shale ranges froz 85 to 500 ft and averages 175 ft.

Drillers®' logs and test-drilling information were alse used to construct
twve geologic sections (figs. & and 5). Lines A-A' and B-B' for the two sec-
tions are shown in figures 2 and 3. These sections show vertical and lateral
relationships In the unconsclidated deposits, which are discussed 4in more
detail 4in the section T"Hydraulic Characteristics of the Unconsolidated

Deposits.”

PART 1. CROUNDWATER INVESTICATION

Part 1 of the report deals with grouni-water availadility Sn norihwes:
Elkhart County, Ind. The objectives were to define the general ground.vater
hydrology and determine the hydrologic eflfects of the proposed pumping at the
Elkhart Municipal Airport on the local ground-wvater systez.

APPROACH

For the first objective, various data were collected on the unconsoll-
dated deposits--thickness, areal extent, hydraulic conductivity, transnissive
ity, specific yield, and storage coefficient: the general ground-wvater flow

pattern and the streas-aquifer connections were defined; wvater-level fluctua-
tions were determined; and historical and present-day ground-water pumpages

were tabulated.

For the second objective, digital-wodeling technigues were applied. A
Quasi-three~dipensional ground-water flow model, constructed to simulate the
ground-water system, wvas calibrated to steady-state conditfons. Steady-state
and transient pucping simulations were run to Investigate the long- and
short-term hydrologic effects of the proposed Elkhart Municipal Airport well
field on the ground-wvater flow system. Results obtained frop the simulations
vere also used to estimate the effect of the pucping on the flow system

around the Hieco landfill.
-9-
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HYDROLOCY

Hydraulfc Tharacteristics of the Unconsolidated Deposits

The thickness and the a=eal extent of the layers in the unconsolidated
deposits wWere determined from lithologic logs of previously installed wells,
Crom l1ogs of wells installed du-~ing th}s study (fig. 6), and from natural
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ganza-rajiation logs of 35 deep test holes. These data §ndicate thai the
sand and gravel associated with the valley-train deposits along the St.
Joseph River valley form an extensive outwash agquifer. The outwash deposits,
whose average depth is 175 ft. are overlain by a veneer of topsoil, whose
avergge thickness is 10 $inches. Interbdedded within these deposits, in much
of the study area, is a layer of silt and clay whose maximum thickness is 80
ft and average thickness {3 20 ft. Where present, this layer divides the
outwash deposits (nto two asquifers and confines the deeper aquifer. The
thickness and the areal extent of the unceonfined aquifer, where the confining
bed exists, are shown {n figure 7, and the thickness and the areal extent of
the confined aquifer are shown in figure 8. The thickness and the areal

extent of the confining bed are shown {n figure 9.

In two areas, the confining silt and clay layer is abdsant (figs. 7-9).
The area to the southeast coincides with the surficial deposits of till,
vhich average 60 ft in thickness., This till unit {s underlain by a layer of
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sand and gravel interdedded with localized silt and clay lenses. The com-
bined deposit averages 200 ft 4n thickness and correlates in altitude with
the ocutwash deposits 4in the valley. Some of the sand and gravel deposits &n
the southeast area are much giltier than those $n the valley. The till and
the 311t and clay lenses at.depth locally confine the sand and gravel agui-
fer. In the other more centrally located region, where there 3 no confining
bed, the aquifer ranges froz 40 ft in thickneas in the area of the North Main
Street well field, where & thick layer of clay and s3ilt was deposited directe
ly upon the bedrock surface, to more than 450 ft 4in the bedrock valley. The
thickness of the aquifer in the areas of no confining ailt and clsy bded 4s

presented in figure 10.

The hydraulic conductivitiss of the different aquifer materials in the
outwash systez are based on data collected in specific-capacity tests of
observation wells in the landfill avea. Specific-tapacity data can de con-
verted directly to transoissivity values with technigues developed by Theis
(1953) and Brown (1963) for nonsteady-state conditions in unconfined snd con-
fined aquifers, respectively. Because of low pumping rates (averaging 15
gal/zin) and short screens, the resultant transmissivity values were assumed
to represent only the screened interval of the aquifer (Meyer and others, -
1975, p. 18). The hydraulic condustivity .of the aguifer material at the
screened interval was caleculated by dividing the transzissivity values by the
screen length. The results were separated into tws categories--one dased on
sand ané the others on sand and gravel in the screened $nterval of each
wvell, Average values of hydrauvlic conductivity calculated for sand, and for
sand and gravel, were 80 and 800 ft/d, respectively. These values are in
close agreezent with other hydraulie conductivity values calculated for out-
wvash systezs {n South Bend, Ind. (Marie, 1975), Marion County, Ind. (Meyer

and others, 1975), and Carmel, Ind. (Gillfes, 1976).

The lateral hydraulie conductivity of the silt and clay confining ded $s
szall, sdout 0.1 fi/éay (Freeze and Cherry, 1979, tadle 2.2), relative to the
sand and gravel aquifer. Therefore, it was considered insignificant and was

ozitted 4in all subseguent ecalculations.

The transzissivities of the unconfined and the confined agquifers were
calculated at points of known thickness dy sumzing the products of the satu-
rated thickness of each litholegic unit (sand or sand and gravel) and the

hydraulic conductivity of each unit.

Transzissivities calculated for the unconfined aquifer ranged froz 4,000
£22/4 4n several places to 175,000 ft 2/6 in the area of the bedrock valley
near the Himco landfill. Transniasivitics calculated for the confined aiuio
fer ranged from 5,000 ft2/d, near the town of Jazestown, to 85,000 ft/a,
near the Elkhart Municipal Asrport and north of the Michigan State line west

of Christiana Creek.

Collection of field data to determine the specific yield of the uncon-
fined aquifer and the storage coefficient of the confined aquifer yas not
vithin the scope of this study. However, these propertfes were evaluXted by
Marle (1975) $n three aquifer tests at the South Bend, Ind., waste-water-
treatoent fasility. 7These tests were done approxizately 25 mi wes} of the

-2“-
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study area in an outwash deposit similar to that underlying northwest Elkhart
County. Results obtained were 0.16 for the specific yield of the unconfined
aguifer and 0.00006 for the storage coefficient of the confined aquifer.
These values fall within the typical ranges of 0.01 to 0.35 for specific
yield and 0.00001 to 0.001 for .storage coefficient (Bennett, 1976).

ﬁo field data vere collected for the direct determination of the vertical
hydraulic conductivities of the aquifer, confining bed, or streanbded mater-
{als. However, an aquifer test in Marion County, Ind. (Meyer and others,

©1975), analyzed with type curves presented by Stallman (1965), 4n an outwash

system sizilar to the one underlying northwest Elkhart County, yieldéd a
ratio of vertical to lateral hydraulic conductivity of 1:10. On the basis of
this ratic, the vertical hydraulie conductivities of the sand, and of the
sand and gravel, were calculated to be 8 and %0 ft/d, respectively. Previous
hydrologic studies in Indiana, in systems with materials similar %o that in
the study area, have determined that 0.007 ft/¢ and 0.67 ft/é are average
values for the vertical hydraulic conductivity of confining bed and streambed
gaterials, respectively (Marie, 1975: Meyer and others, 1975: Gillies, 1976).

Ground-Water Flow

The direction of water flow {n the aquifers underlying northwest Elkhart
County was detercined by measuring and zapping ground-vater levels in obser-
vatlion, domestic, and industrial wells throughout the study area. Strean
stage was also measured on the major streazs at points near observation
wells., The average distance between stage BDeasurements was 1.75 river

{les. Water-level maps were drawn from data collected in the unconfined and
the confined aquifers in May 1979. (See figs. 11 and 12.) The flow direc-
tion, which is perpendicular to the egquipotentfal lines shown, is generally
toward the St. Joseph River., This flow pattern is characteristic of s well-
tinnected stream-aquifer system with a2 gaining stream. Vertical water-level
differences between the aquifers are generally s=zall (less than 2 ft 4n
either direction) in areas away from the St. Joseph River and are difficult
to perceive from figures 1l and 12, owing to the contour interval used. BHow-
ever, in areas near the river, upwvard gradients, soze greater than S ft,

«indicate that ground wvater discharges to the river. There {s an anczaly at
and near the hydroelectric dam where the {mpounded water level s held unnate

urzlly high. Here the river loses wvater to the aquifer.

Contours are shown in figure 12 £n areas where the confining bed 4s
sdsent, Data in these areas wvere collected from vells screened {n both the
upper and the lower parts of the unconfined aquifer. Upward vertical grad-
{ents of as much as 7 ft were observed in these areas near the St. Joseph

River.
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Stream-Aguifer Connection

The hydrasulic connection bDetween a strean and an aquifer is a primary
concern in determining the potential yield of the aquifer. Pumping large
quantities of water froz an agquifer can divert ground water from discharging
into the rivers and creeks and can even change gaining streams to losing
streazs. Strean discharge, stream stage, and water levels near the streans
in doth squifers were measured simultanecusly to help define the streanm-agui-
fer connection. Seepage (gain and loss) measurenments were made on the
Elkhart River, Christiana Creek, and Baugo Creek {n October 1§78, May-June
1679, and Septezber 1979, and on Pine Creek in Septezbder 1979. (See reaches
§dentified dn fig. 13.) Flow-duration estimates for sireans were based on &8
years of record at the USCS gage, Elkhart River at Goshen, & priver miles
south of the study area. This gage is the only nearby active one not affect-
ed by artificial controls. Flows $n October 1678 were measured at a 68-per-
cent flow duration and in May-June and Septecber 1978 wvere measured st the
8i-percent and the T8-percent flow duratiens, respectively (Horner, 1978).
Values of the tuo sets of seepages measured in 1679 vere similar, whereas the
ones measured in 1978 were higher than those of 1979.

As a result of the <S-percent error assumed for all discharge measure-
pents, a range of seepage values was calculated on each reach for each set of
peasurements (tadle l1). These calculations showed that reaches 1, &, S5, 7,
8, and § were gasining stream segnments, whereas reach 3 was a losing segment.
The seepage of reaches 2 and 6 could not bde definitely defined as either
gaining or losing. Reach 3 on Christiana Creek was a losing reach, primarily
because the heavy pumping st the North Main Street well field reverses flow

gradients in the area.

Seepage wvas not measured on the St. Joseph River, the principal discharge
for the groundé-vater system., Discharge at the gaging station on the St.
Joseph River at Elkhart (fig. 13), regulated by the reservoir upstreazm, 4s
1,600 £t?/s at the 79-percent flow duration (Horner, 1976). Seepage to the
river within the study area s prodadly szall relative to the total flow in
the river. FRence, seepage esticates would be masked by the inherent <S-pere

eent error in discharge measurenments.

Water-level Fluctuations

Annual water-level fluctuations were determined from the hydrograph of
Elkhart 5, a continuous-record observation wvell screened in the unconfined
aquifer and in operation since October 1976. (See fig. 13.) The hydrograph
in figure 1% shows that water levels are highest in late March and April and
lowest n Sepie=ber and Octoder. Water levels fluctuate from ‘2 to & ft/yr.
Water levels measured in the spring and the avtuzn of 1978 and 197§ fluctu-

ated sizilarly. .
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Seasonal fluctuations in water levels are caused by differences in the
azount of recharge reaching the aquifers during the year. Precipitation is
- virtually the only source of recharge for the agquifers. However, as noted
under the section "Climate," the average monthly rainfall is evenly distrid-
uted throughout the year. Fluctuation in recharge to the aquifer, therefore,
is not caused by the yearly precipitation distridution.

Evapotranspiration in the unsaturated zone is prodadly the primary cause
of water-level fluctuation. Water levels decline during the warm sumner
ponths because shallow-rooted plants intercept water in the unsaturated zone
‘and prevent it froz reaching the water tadle and recharging the aquifers.
The decrease in evapotranspiration at the end of the growing season during
the cooler months corresponds to a water-level rise. Because depth to the
wvater tadle averages 10 ft, direct evaporation from the water tadle is un-
likely. The effect of evapotranspiration on the ground-water flow systez is

basically a reduction in recharge to the aguifers.

Ground-Water Pumpage

The ground-wvater puzpage in the Elkhart area was deterzined in a survey
of the major ground-wvater users. Average daily pumpage froz the outwash
aguifers dy lY4 Sndustries and 2 municipalities is 13.39 Mgal. ITwo users, the
eity of Elkhart and a major industry, pump 85 percent of this total. The
locations froz which these two major ground-water users punped are shown in
figure 13. The 1974-78 average daily pumpage from and return to the desig-

nated agquifers are given in the tadle that follows.

Average
dally
Average daily pumpage, return,
1974-78 1974.78
From unconfined | From confined | To unconfined
aquifer aquifer aquifer
Pumping center (Mgal) (Mgal) (Mgal)
City of Elkhart ~
No Hiin St. '311 fi.ld 501 —ees coee
Bover St. well field hdadand 0069 occow -
South well field —ess 1.15 cone
Major industry «63 3.16 1.64

Elkhart Water Works data uere-obtained from Saz Lyle, Elk%art VWater
Works (written commun., 1979).
-33-.
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The three Elkhart well fields have a dally capacity of 22 Mgal. The
highest daily recorded purpage is 18 Mgal. Most of the pumping is done at
the North Main Street well field, owing to its central location and its prox-
imity to Christiana Creek. A dam on the creek at the well field creates a
series of interconnected recharge ponds. The recharge froa these ponds to
the ground-water system keeps water levels high Cespité the heavy pumping.
No major change in pumpage i3 likely within the next 5 years.

fhc major industry withdraws water from the unconfined and the confined
aquifers. 7The industry returns some water to the unconfined aquifer by tile

fields and recharge ponds. .

Ground water i3 pumped for irrigution in the northeast section of the
study area as well as in southern Nichigan. Irrigation pu=mping, seasonal and
kighly variable from year to year, depends primarily on weather conditions.
For these reasons and bdecause the cata would have been of little use in
accomplishing the objectives of the study, a detailed evaluation of irrigs-

tion punping was not done.

Summary of Hydrology

The Elkhart area is underlain by areally extensive, thick ocutwvash agui-
fers cozoposed mainly of sand ané gravel. In much of the area, a confining
silt and clay ded separates the outwash deposit into two aquifers, an upper
unconfined aquifer and a lower confined aquifer. Near the landfill and the
Elktart Municipal Airport, this bed is absent. Estimates of the hydraulic
conductivities of the aqQuifer materials are typical for outwash deposits.
Data collected indicate that the aquifers are highly transmissive in most
areas. The specific yield and the storage coefficient estimated for the con-
fined and the unconfined aquifers, respectively, are within the ranges typi-
cal for outwash systems. Ground-water flow is generally horizental and
tovard the St. Joseph River. However, in some areas near the river, ground
vater flows upward into the river. Most of the creeks and rivers are gaining
streazs that are apparently well connected with the aguifers. Water levels
fluctuate from 2 to &4 ft/yr. The fluctuation {s primarily due to variations
in recharge to the aquifers, which is probably caused by evapotranspiration
in the unsaturated zone. The Elkhart Water Works and a major industry pump

85 percent of the ground-water withdrawn.
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MODELING OF GROUND-WATER FLOW

Ceneralized Concept of Model

Digital-modeling techniques were used to simulate the movenent of water
in the aguifers and estimate the hydrologic effects of the proposed ground-
water pumpage at the Elkhart Municipal Afrport. The construction eof the
ground«-wvater flow podel was based on the suthors' visualization of the
ground-water flow systez. Because the unconsolidated deposits cannot be mod-
eled precisely, assumptions were made that reduced the corzplexity of the mod-
el design bdut did not significantly aff'ect the accuracy of the results.

Modeling Assumptions

Assunptions made for the model simulating the ground-water systez include:

dJ. The flow system is three dimensional.
a. Flow in the agquifers {s horizontal. There &3 no
horizontal flow in the confining bed.
b. Flow through the confining beds Dbetween the
aquifers {s vertical.
2. The aquifers are homdgenedus and Ssotropic.
3. The dedrock is Szpermeadle.
4. The ground-water flow system is at steady state.
s. The specific yield and the storage coefficient of the
unconfined and confined aquifers, respectively, are
uniform throughout the modeled area. Storage $n the

econfining bed is negligidle.

Assumption 1, part a, was zade even though soze of the flow in the con-
fining bed is horizontal. This flov is prodadly insignificant compared to

the horizontal flow through the aquifers.

e

Assumption 3 was made on the dasis that the hylraulic conductivity of the
shale {3 several orders of magnitude less than that of the aquifers.
Hydraulie econductivity of the shale ranges from 1.3 x 10-7 to 1.3 x 10-3
ft/day (Freeze and Cherry, 1979, tadle 2.2). The contribution to the total
flow of the systez by the dedrock is therefore negligidle.

The potentionetric surfaces of May 1979 and the seepage runs of Septexbder
1979 for Pine Creek and May-June 1979 for all other sireans wvere assuned to

"represent the ground-water flow systen at stealy state (assumption &).
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Model Selection and Design

The ground-water system was analyzed with a quasi-three-dimensional model
by Trescott (1975). The basic equation used in the model is the follouing

partial differential equation:

-1 (Kxxb.a-h-) ‘.a—(xyybﬁ)‘—!-“:zba—h) L 4 SSLh:w f!.’nzot)
R ax ady dy oz iz "

In this equation, Kxx. Kyy. and Ky are the principal components of
hydraulic conductivity: h is the height of ground water sbove sooe arbitrary
datum: b is the saturated thickness of the aquifer: t is time: Sg i3 the
specific storage of the aquifer; and x, y, and 2 are Cartesian coordinates.
The variadle, W, includes well discharge, transient leakage from conlining
beds, direct recharge for precipitation, and evaporation. The sign depends
on whether water is being added to (¢) or withdrawn froz (-) the systea.

The ground-water system was modeled with two layers. The upper layer
(layer 2) represents the unconfined aquifer, vhereas the lower layer (layer
1) represents the confined aquifer. In areas of no confining bed, the uncone
fined aquifer was modeled in both layers 1 and 2. The geohydrologic section
of the model shown in figure 15 is based on the geologic section shown in

Tigume &,

A finfte-difference grid was constructed (fig. 16) for placing the hydro-
logic data in a form cozjatidle with the digital model. The grid divides the
study area into rectangular-shaped blocks. Model-parameter values., obtained
by averaging the values over the entire area of the block, are entered at the
center of each bdlock, defined as the node or nodal point. The grid, repre-
senting an srea of 172 mi2 (16 m$ by 10 2/4 mi), consists of 5% rows and 87
columns. With two layers the numbder of nodes in the model is 9,396. There
are 5,016 node bdlocks (each 800 ft by 800 ft) 4n the central part of the mod-
eled area. Block sizes increase toward the model boundaries so that the
largest blocks are at the boundaries, Differences in dlock size are never

greater than 1.5 tizes the size of any adjacent bdlocks.

In areas where the confining bed s adsent, the squifer was separated
$nto two layers at points determined by projecting the altitude of the tep of
the confining bed across these areas and Iinterpolating values between the

points. .

Streazs were modeled as internal-leakage boundaries (fig. 16). The model
calculates vertical leakage at each stream node by taking the product of the
vertical hydraulic conductivity of the streasbed, the gradient resuviting from
the difference detween river stage and the water level in the aquifer bdelow,
and the ratio between the area of the strean and the area of the finite-dif-

ference block in which the streazm {s located.
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Boundary Conditions

~ One of the most important aspects of any sodel is the tréatnent of the
boundaries. Boundaries must be represented as accurately as possidle or be
far enough awvay froz any simulated stresses 30 that they will not be signifi-

cantly affected by those stresses.

Two types of boundary conditions were used in the flow-model analyses,
constant head and conatant flux. Constant-head doundaries allow no drawdown
at the boundaries, even when the system is highly stressed neardy. The model
provides all the water necessary to maintain the zero dravdown at the bound-
ary nodes. This causes paximum flow $into the system from the boundaries in
respense to a simulated pumping stress. Constant=-flux boundaries do not
allow additional flow in or out of model boundaries other than that at steady
state. For this reason, constant-~flux boundary conditions produce maxizmum

drawdowns.

During the calibration procedure, all model boundaries for the upper and
lower layers were treated as constant head. Constant heads are usually used -
because heads can be measured, whereas fluxes pust be ealeculated. Constante
flux and constant-head boundaries were used in all steady-state and transient
puzping simulations. Use of the two beundary conditions provides a range of

pessidle effects.

Model Calibration

Before the model can be used as a tool to predict the effects of any new
stress, it must simulate steady-state conditions as accurately as possibdble
with the availadle data. The calidration procedure is a series of experi-
pents that i{nvolves varying the model parameters until they match the meas-

ured wvater levels and river seepages.

One of the least known parandeters used in the acdel wvas the vertical
hydraulfe conductivity of the confining bed. This paraceter was initially
set to 0.007 ft/d. With this value, model-simulated vertical head gradients
in the area where the confining bed is present were greater than seasured
values. Subsequent experiments were made dy increasing the vertical hydrau-
1ic conductivity of this unit. The value of vertical hydravlfe conductivity
that produced the best match over the modeled area was 0.07 f£t/d. This
result lies 4in an upper range determined in a series of aquifer tests done
for tills {n Ohio, Illincis, and South Dakota {Korris, 1962).

In areas near the St. Joseph River where the confining bed 4is abdsent,
measurenents of upward head gradients between layers were not reproduced by
the model. Model-simulated gradients wvere approxizately 1 ft or less between

41
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layers 1 and 2 in this area, whereas peasured gradients were approximately 3
ft. The reason for this difference may be that the cozputed head at the node
i3 averaged over the entire grid block. Another possible explanation is that
not enough layers representing the agquifer system were sizulated in the mod-
el, where the confining bed $s absent, for accurately reproducing the meas-
ured vertical head gradients.” Representing the aquifer system with smaller
grid dlocks and (or) more layers in the area would produce pore accurate ver-

tical head gradients.

Streanmbed-leakance values were calidrated dy matching model-simulated
river seepages for each reach to the range of mpeasured seepages and also by
patching podel-simulated water levels near the streams to field-neasured
wvater levels. (See tadle 1.) Calidrated values for streambed leakance at
river nodes ranged fromz 0.07 to 1.00 ft/d, but mest values wvere near 0.5
ft/d. These values were sizulated for a streacded thickness of 1 ft for all
rivers $ncluded in the model. The value 0.07 ft/d corresponds to a short
stretch of the Elkhart River near the mouth, where the river flows over sandy
clay, whereas the 1.00 ft/d wvalue corresponds to a short stretch eof
Christiana Creek north of the Michigan State line, where the streazbded seezs
to be composed of ccarse gravel. A high value of 6.7 ft/¢ wvas used for three
river nodes on Christiana Creek at the North Main Street well field bdecause
the recharge pond beds are periodically cleaned to allow maxizum recharge to

_ the pumping wells.

. Changes {n tranamissivity were minor during model calidration. Transzis-
sivity was changed by more than 30 percent from the original values in enly
one ares. This area was the dedrock valley, where the nmodel-simulated water
levels were lower than measured values by about 6 ft. The hydraulic conduce
tivity of the deposits in the valley was reduced to &0 ft/d. This reduction
wvas applied in only layer 1, as the dottozm of layer 2 was modeled to termin-
ate adove the riz of the valley. Llowering the transnissivity raised water
levels in both layers 2 to 3 ft in the vicinity eof the bdedrock valley and
produced a better mateh of podelesimulated and measured water levels. The
change in this parameter did not significantly affect water levels or river

leakages elsewhere in the model.
Final model-calibrated transmissivity distridutions for the unconfined

and confined aquifers are presented in figures 17 and 18, respectively. The
transnissivity distridution in the area where the confining bed is adsent is

shown in figure 1§.

~“  Areal recharge values of 12 in./yr within the outwash valley and & 4n./yr

in the ti11 plains (fig. 2) wvere used during model calibration.
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Tadle l.--Model-simulated and measured seepages

Model-simulated
seepages Measured sespages

Positive value, Range based on measure-
T river reach ‘{oent error. Positive
e gaining: nega-~ value, river reach

tive value, river{gaining: negative value,

sireams and reach losing river reach losing
reaches (reiss) (£23/3)

Christiana Creek '

RCIBH 1 12.3 .o. —eoeooa 1‘.3

Reach 2 2.6 *3.7 cccenas 11.7

Reach 3 «12.8 18,8 ccccoce 3.7
Baugo Creek . : :

RQICh . a's , ‘o. - & o S 60‘
Elkhart River '

RGICH 5 130. 306 hadad e and go.s -

!Ol:h 6 * 309 -331.9 -0 s e 9.9

Bctch 7 ’ 1105 205 cocsoas bg.s
Pine Creek® -

Helch 8 ?.B 108 - oes e 303

}Rcach ] 1.5 1. ccceeae 2.3

1Seepages for Pine Creek were measured in Septezder 1979.
Seepages for all other streanms were geasured in May-June

1979.
After each calibration run, model.simulated heads and river seepages were

cozpared with measured values. The root mean square error (RMSE) was used to
cozpute 2 measure of the degree of fit for head values in each calibration

mind

¥ f -2

RMSE g2 '
: N

vhere hf is the measured head, h: is the model-simulated head, and K 43
the total number of observation points. A ratio (R) wvas calculated for lay-
ers 1 and 2 in each calidbration run by the eguation:

R s MMSE ) .
Ah ° o

where RMSE §s the calculated root mean square error value and h is the dif-
ference bdetween the minimum and the maximum values of model-simulated heads
in the modeled area. RMSE and R vere used to deterzine vhich paraceter vale
ues produced the best match of simulated water levels. Cocputed R values for
the final calidrated model were 0.04 and 0.03 for layers 1 and 2,

respectively.
-”s-.
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4 comparison of the calidbrated steady-state results for wvater levels $n
Jayers 1 and 2, simulated by the model, with measured water levels is shown
in figures 20 and 21- The distridbution of sources and discharges in the cal-
dbrated model is shown in tadle 2.

Tadle 2.--Sources and discharges
simulated in the calidrated
®odel.

[Data in cudic feet per second]

Sources of water

A Areal recharge 138
Flow across boundaries . 208.T

Recharge ponds at
ma jor industry 2.5

Recharge ponds at
North Main Street

vell field 32,8
Total sources 337.7

Discharges of water

. Flow across boundaries 43.4
Punping (layers 1
and 2) 1706
- River leakage:
Christiana Creek 17.3
Baugo Creek 5.7
“— . Elkhart River 37.6
Pine Creek A.8

St. Joseph River 209.0
Little Elkhart

River 2.8
Total river leakage 2117,
¢ Total discharges '338.0 .

Percent difference
between sources
and discharges <09 .
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Cormparison of the model-sizmulated water-level zaps vith the contour maps
prepared from measured water levels (figs. 11 and 12), suggests that the mod-
.el has reproduced the general flow pattern. The model was not adle to repro-
duce some small flow anomalies, such as the one near the hydroelectric dam,
probably because of the large-sized grid blocks used in modeling these areas.

Sensitivity Annlzsés

After model calibration, sensitivity analyses wvere done to test the
response of the model to changes in transaissivity, streamded leakance, ver-
tical hydraulic conductivity of the confining ded, ané areal recharge rates.
Areas of the podel that are sensitive to certain parameter adjustments were
defined. Model-prediction capadility could be izproved dy concentrating data

collection in these areas. :

The first step in the sensitivity analyses consisted of making a series
of runs in which one parameter was reduced by half over the entire zodel area
while all others were held to their calibrated value. After one parameter
was reduced, it was returned to {ts calidration value, and another parameter
was similarly reduced. Model runs were done until all parazeters were indi-

vidually reduced.

Rooct mean sQuare error values were calculated for each sensitivity run.
All cozputed values were less than 2.5 feet., The lovw values indicate that the
parameter adjustments used for the sensitivity analyses wvere not sufficient to
produce large changes in head throughout the modeled area.

The changes in wvater levels produced by the transzissivity adjustzent for

layers 1 and 2 are shown {n figures 22 and 23, respectively. Decrease in
head was greatest near the St. Joseph River west of the hydroelectric danm.

Bead {ncreased generally north of the St. Joseph River. Flov into rivers and

across model bdoundaries simulated {n the calibrated model and the sensitivity
analyses are presented in tadle 3. Decreasing transzissivity throughout the
podel area decreases ground-vater flow between recharge and discharge areas.
This tends to reduce heads at and near the streazs and to increase thez awvay
from ‘the streams. Flow into the rivers and across model boundaries was

reduced.

The model wvas most sensitive to the decrease in transziss{vity at the
ma jor Industrial pumping center. Change in head was greatest in layer.l,
representing the confined aquifer, where post of the pumping takes place.
This result {ndicates that the model is most sensitive to the adjustment in

transmissitivity at stressed areas.

As shown in table 3, decreasing the vertical hydraulic conductivity of
the streacbed reduced the amount of ground water discharging Inte the rive
ers. Consequently, there was a net Increase in flow leaving the systea
across model boundaries. Reducing the streaz-aquifer connection raised water
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Thblc 3.--River leakage and boundary flows for the calidrated
podel and the sensitivity analyses

Flow leaving Flow entering
A ground-water systen ground-water systems
- Across model Across model '
_boundaries Into rivers boundaries
Layer 1 | Layer 2 ' layer 1 | layer 2
(red/s) | (red/8)| (ee3zs) | (£ed/s) | (£23/8)

c‘libr‘t'd model 2805 1500 26?01 . 1‘001 . 6.06
Transzissivity!  15.7. 9.8  169.2 614 287
Streazbed leakance? 131.1 17.0 2u3.5 133.5  61.9

Vertical hydmulie

condustivity or
eaﬂriniﬂ‘ b‘d 32.1 1a.% 25'03 133.8 5308

Areal recharge! 24,9 12.5 234.0 158.2 1.7

'Parameters decreased by 50 percent from calidrated values.

levels throughout the model area, especially near the major streams. Water-
Jevel {ncreases are greatest near the St. Joseph River vest of the hydroelec-
tric dam and rnear the Elkhart River halfway down the modeled streteh (figs.
2% and 25). Cocparison of the two figures indicates that layer 2 s slightly
more sensitive to a decrease in this parameter than layer 3}, prodadly decause
Jayer 2 s directly connected with all the streazs throughout the model and

" layer 1 is not.

A SO0-percent decrease in the calibrated vertical hydraviie conductivity
of the coafining bed resulted {n water-level changes for layer 1 that
exceeded 1 £t in three areas of the model (fig. 2§). Vater levels in layer 1
rose near the streass where the flow §s prizarily upwvard. Water levels gen-
erally rose in layer 2 in areas away from the streams (fig. 27). Decreasing
the hydraulic connection detween aquifiers tends to raise wvater levels {n one
aquifer, depending on the vertical flov direction. For example, 4if the flow
is primarily downvard between two aquifers through a confining bded, decrease
ing the connection between the aquifers will result {n an {ncrease {n water
levels and gradient needed to cause flow through the less perseadble confining
bed. As shown in table 3, a slight reduction in ground-vater discharge into
the rivers resulted frox the decrease In the vertical hydraulic conductivity
of the confining bed. Also evident is that some water in layer 1 flowed out
‘of the model across the bdoundaries Instead of leaking through the confining

bed into layer 2 and then discharging into the rivers.

-62-
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Reducing the areal recharge by 50 percent produced slightly greater draw-
downs in layer 2 than in layer 1 (figs. 28 and 29), prodbably decause layer 2
is directly areally recharged in the model vhereas layer 1 is nmot. The sim-
{larity in water-level declines in the two layers indicates that the layers
are hydraulically well connected. An increase in flow entering the model
across the boundaries, in respohse to sdjustment in areal recharge, is shown
in tadle 3. The boundary conditions {mposed in the calibrated model buffered
the effect of reducing recharge and lowering water levels inside the model by
increasing the net flow across the constant-head boundaries.

In another set of sensitivity analyses, each of the previously discussed
paraneters was increased 100 percent froz calibrated values. The resulting
wvater-level changes vere generally in the sazme ares and of the same magnitude
as those where the parameters were decreased 50 percent bdut of opposite
sign. For example, for the "SO-percent decrease®™ anzlyses, areas of head
increase are arezs of head decrease in the "100-percent increase™ analyses,

and conversely.

Results of the sensitivity analyses indicate that only a few areas of the
podel were significantly sensitive to any of the parameter adjustments. The
post significant result of the analyses was that changes in streambed leak-
ance and transmissivity affect water levels near certain stretches of the St.
Joseph and Elkhart Rivers. If the model is to de improved, future data col-
Jection should de concentrated on these parameters in and near these stretch-
es. This approach especially applies if the model is to be refined for
predicting the affects of a major stress in these more sensitive areas.

Simulated Ground-Water Pumping

Pumping at the well field proposed for a site at the Elkhart Municipal
Alrport wvas simulated in a series of three experiments. Results of the ex-
periments were used to estimate the drawdown and the reducti:n {n streazflow
in neardy streams. In addi{tion, the experiments were used to determine the

potential (rpact of the landfill on the proposed well field.

« The Elkhart Water Works plans to use 10 pumping wells spaced 600 to 800
ft apart at the proposed well field. The average daily pumping retes will
prodably range froz 7.5 to 10 Mgal/d. Pumping rates for short-term peak
demands will probadly reach 20 Mgal/d. Each of the three preceding rates vis
sizulated in the model at nine nodes spaced 800 ft apart. Little or no con-
fining bded is present in a large part of the airport area. The upper layer
of the model (layer 2) averages 35 ft {n thickness {n the vicinity of the
afirport, whereas the lower layer (layer 1) averages 150 ft. The pumping was
simulated in layer 1 to take advantage of the full saturated thickness of the

aquifer.
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4dditional steady-state pumping experizents were done to determine the
effect of the proposed 10-Mgal/d pumping at the airport if lower than ecali-
brated values were used for the streamded leakance of Christiana Creek and
the transmissivity of the aquifers. In one experiment, the streambed leak-
ance of Christiana Creek was reduced to one-tenth of the calidrated value.

. In the second experiment, the transmissivities of both layers were reduced by

the saze factor. The resultant water-level distridutions and sssociated flow
patterns $n the vicinity of the airport from the two experiments are shown in
figures 37 and 38, respectively. The experizents show that 1little 4f any

ground water from the landfill area would bde drawn into the pumping \nut at

t.he airport even Af either paraceter is significantly lowered.

A transient siuuhtion of 10-Mgal/d pumping at t.he airport wvas dene to
approximate the length of time required for the ground-vater systes to reach
equilidrium. Figure 39 is & graph of drawdown plotted against time for a
pumping node near the center of the simulated well field. Steady state was
reached in approxizmately 600 days.

PART 2. WATER-QUALITY INVESTIGATION

In part 2 of the study, the general ground-vater quality of northwest
Eikhart Cournty was evaluated, the areal extent of the effects of the Himeo
1andfill and the industrial park on the local ground-water systezs were
deterzined, and the effect, if any, of the leachate frozm the landfill on the
Quality of water at the proposed well-field site was investigated.

APPROACH

Water sazples were collected from observation vells throughout the study
area for determining general ground-water qQuality and areal exteat of the
effects of the landfill and the industrial park on the local ground-wvater
system. Field analyses included determinations of tezperature, specific con-
ductance, pH, dissolved oxygen, and redox potential. ladoratory analyses
included determination of major constituents (calcium, magnesium, sodium,
potassium, chleride, bicarbonate, sulfate, fluoride, silica, and bromide),
selected trace elezents (iron, zanganese, aluminum, mercury, arsenic, selen-
fum, lead, chromium, cadzium, barium, and boron), nutrieats (amzonis,
pitrate, nitrite, organic nitrogen, and orthophosphate), silica, cyanide,
dissolved solids, dissoclved organic carbon, and several specific groups of
organic cozmpounds (phenols, volatile organics, and base/neutral extractadle

-84
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i

organics?!). The results wvere statistically summarized, and the post impor-

tant factors influencing the results were delermined by an analysis of war-

dance. Constituent concentrations were cozpared with RKational Interinm

Prizary and Secondary Drinking Water Regulations (U.S. Eavironmental

Protection Agency, 1975, 197%a). Data were plotied areally and, where appli-
. cabdle, vertically, to explain the ground-wvater Quality in the landfill and
* the {ndustrial-park areas.

WATER-QUALITY METHODS

Sacpling-Well Network

Vater sazples were collected from 108 of the 162 obdservation wells ine-
stalled for the study. The sazpled wells wvere divided 3nto three groups:
(1) county wells, (2) landfill wells, and (3) industrial-park wells.

e e——

IExtractadle ¢n methylene chloride frox: a sirongly alkaline soiut!on. See
Xeith and Tellsard (1979. p. 416-823). -

-37-



Wells in the first group, referred to as "county™ wells in the remainder
of this report, were principally outside the Elkhart city lizits in Elkhart
County. At many sites two wells were set, a shallow well (<85 ft deep) 4n the
unconfined agquifer and a deep well (2110 ft deep) in the confined aquifer.
In areas where the confining bded wvas absent. both shallow and deep vells were
screened in the unconfined agquifer. Because most of these vells are In armas
avay frem the influence of eltlrer the landfill or the industrial park, 35
county wells were sazpled at 2% sites to odtain background concentrations for
31l wvater-quality parameters of interest. The site locaticns of all eounty
wells sampled are shown in figure A0, ' :

Forty-five wells wvere sampled at 17 sites containing froz 1 to 5 vells,
either upgradient or downgradient from the landfill (fig. 81), to define the
areal extent of any leachate plume. These wells are called “1andfill® wells
in the remainder of the report. At the sites with more than cone well, wells
vere screened 3t different depths for determining the vcrtie:l extent of the
deachate. The screen depths are shown in tadle A,

-

. Tadle &.--Screen depths of landfill
vells sazpled

Well Screen {f Well Screenlﬂell Sereen
desig-idepth | desig-|depth [ desig-idepth
patien| (ft) Jnaticn (ft) nation|(ft)

Al 133 E3 174 J a0

A2 13 Fl k.t J2 18
> 895 Fe 152 J2 152
B2 12 F3 15 o 60

B3 12§ Fu 24 K2 is

B4 173 F5 185 K3 183
51 34 Gl 50 L €0
C2 iz G2 16 L2 185
€3 195 . G3 169 La 17
ck 128 | m 18 Ml el

. .51 19 § B2 39 M2 103 .

. D2 178 | Ea 105 Mmoo 30
D3 88 | n 172 00 30
n g0 12 15 n 2 ,
E2 17§ 13 35 Q1 28 .

At the $ndustrial park. 2% wells were sampled at 22 sites in the area
south of the St. Joseph River and east of the Elkhart River (fig. 82). These
wells are called "industrial-park wells™ in the rerziinder of the report. All
vells {n this area were screened in the unconfined aquifer and were less than
&S ft deep. 8 .
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Well-Nusbering Systenm

Vells in the three groups are {dentified {n subsequent illustrations and
tadles as follows: County wells are {dentified by site numbers followed by
*S" or “"D" (shallow or deep): landf{ll wells are identified by site letters
4-Q followed by single-digit numbers; industrial-park wells are identified by
three-digit site numders 101 to 122, except 109, which has three wells idden-
tified as 10%A, 1043, lnd 10eC.

Sacpling Fregueney -

Sanples representing the full range of hydrolegic conditions were eo0l-
lecte2 in March-May and Seplember-October, periods of seascnally high and low
vater levels, respectively.

Tweaty-eight of the county wells were sampled in June and July ef 1978.
On the basis of the data from these saczples, 10 sites, with both shallew and
deep wells, were 3selected for adéitional sampling 4in March-April and
Septe=der of 1§78.

Sarmples wvere collected from the landfill wvells &n April-May and October
of 1578 and April-May and Septexzder of 1979, Sites A-F and 1 wvere sazpled
8ll four times. Sites G, R, J, K, and L were sazpled only during 1978.
Vells M-Q, installed in April 1979 to determine 4f a leachate plume were pre-
sent, vere sa=pled only the two times in 197§.

The 1ndus%rill-pnrk wvells, Installed in the sumzer of 1978, were sacpled
in Septexber 1978 and 4n April and Septembder 1979.

. Field Sacpling Procedures

A uniforz procedure wvas used to sazple all obdservation wells. The tech-
niques used were primarily modifications of techniques recomzended by Hood
(1976). & suc=ary of the field sazpling procedure follows:

(1) Vater levels were zeasured in all wells at each sanm-
pling site.

(2) The vell to be sazpled vas then flushed by punping the
well with a2 a centrifugal pump.

-85-
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The flushing rate of each well was measured.

Properties and concentrations of constituents dissolved
were measured {n the flushing water with a Bydrolad 6-D
zulti{prode iInstrument. Readings were taken in S-in.
diameter wells by lowering the multiprodbe sonde into
the casing as close to the screen as possidle. For
2-in. diazeter wells, the sonde was placed in s flow
chacter at the” surface. Vaiter was pumped into the
inlet valve at the bottez and was sllowed to flow up
through the chazber, past the probdes, and out. Values
for field parameters deterz{ned bdy ¢this apparatus
agreed closely with those measured directly in the
wells.
Twe eriteria were used to determine the length of time
a wvell would de flushed before sazpling: 4 well was
puzped until at lsast two casing voluzes of water had
been rexcved, or 3 well was puzped until the specifie
conductance readings measured with the Hydrolad had
stabilized. These criteria wvere used to insure that
ter representative cof conditions in the agquifer was
sacpled. The time necessary for the first criterion %o
be zet was caleculated by dividing an estizate of casing
voluze by the flushing rate. The second critericon was
zet by zeasuring specific conductance every S min until
three successive readings differed by less than 10
pho/es at 25% €. Cenerally, stadilizaticsn of specific
conductance required more tize than rezoval of the two
casing voluzes of water.

After a well was properly flushed, samples were ¢cl-
lected with a peristaltic pump. This type of pum=p was’
used because it zinimized contazination, aemticn, and
degassing of the sazple as no pump parts ever eontacted
the puzped walter and its discharge line was physically
convenient for sanmpling and for connecting to the flow-
chazber inlet. The intake for the peristaltic pucsp was
alwvays positicned at a grealer depth than the centri-
fugal flushing line to insure that the water sampled
wvas representative of condi{tions in the aguifer.

Sa=ples that did not need filtering vere obtained
directly from the discharge line of the peristaltic
puzp and were preserved by standard procedures
(Skougstad and others, 1979). Sazples for determining
dissolved constituents were pressure filtered with
nitregen through a 0.45y mezbrane, collected $n the
sazple contalner, and preserved. Dissolved erganic
carbon sazples were obtained by the technique described
by Maleolz and Leenheer (1973).
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(8) Samples were glso esllected for the field determzination
of dissolved coxygen by the azide modification of the
Winkler titration and of aslkalinity by an elecirometrie
titration (Skougstad and others, 197%9). '

“Ladoratory Procedures

: A11 sazples were amalyzed at the Geological Survey ladorstory 4n
Doraville, Ga., by procedures in Skougstad and others (1979). Dissolved
organic carbon was deterzined by the procedure outlined in Goerlitz and Brown
(1972). Volatile and Base/neutral extractadle organic sazples were analyzed
by procedures descrided in U.S. Environmental Protection Agency {(1979¢).

Staptistical and Cemputer Treatment of Inta

Vater-quality data were evaluasted by s group of statistical cezputer pro-
grazs called SAS or Statistical Analysis Systea (Helvig and Council, 29§7%).
Becaguse one of the Basic assuzptions of the use of paraznetric statistics i3
that the data are norsally distriduted, SAS was first used to test the por-
gality of the data for each parazeter. The data for mest parazeters were not
nor=ally distriduted. Therefore, the distridutions were pade more normal by
application of 8 natural logaritheie transformation eof the form
yeln (x «1). These transforced data were used $n all sudsequent cal-
culations and presentations.

SAS was next used to ecaleulate standard measures of central tendency
(zean, median, and pode), dispersion (standard deviation, varfance, ané coef-
ficient of variation), quartiles, and ranges for all paraeters in selected
groupings of the wells. Differences in water quality betveen groupings were
hypothesized to result froz the effects of four main factors: (1) season—
autuzn or spring; (2) site type--county, landfill, or {ndustrial park; (3)
aquifer depth--shallow (<45 ft) or deep (345 ft); and site location--102
dndividusl vells. Cosbdinations of tve or three of these factors--such as the
{fteraction between site type and aquifer depth (shallow county, deep county,
shallew industrial park, shallov landfill, or deep landfill--vere also cén-
sidered to be influencing factors. Factors that significantly affected the
results wvere {dentified by an analysis of variance (ANOVA). The ANOVA i3 a
statistical procedure that allows cocputation of the variances of each coa~
ponent factor, assesses the relative Izportance of these factors, and identi-
fies significant differences betveen group means at a chesen confidence level
(Zar, 1974). Preliminary calculations indfcated that all twe- and three-fac-
tor cozbinations, except the dnteraction between site type and agquifer depth,
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either would not account for a significant part of the total variance or
would have been difficult to explain physically. For these reasons, the five
factors (season. aquifer depth, site type, site location, and interaciion
between site type and agquifer depth) and a residual or error ters to make up
the total variance observed vere used in the analysis of variance. An unbdal-
anced nested-factorial design ANOVA was done on 25 of the parameters measured
in this study. (See the general linear-mcdels procedure in SAS, Helwig and
. chncil. 1979.) Coeme T "

Though the AROVA indicated -significant differences belween well-group
weans within a certain factor, it did not identify the particular means that
differed. Duncan's Multiple Range Cozparison Test (Duncan, 1955) was used by
SAS to determine the significance of differences between the vell-group means.

The geochezistry at several sites near the landfill was evaluated Dy
VATEQF, 8 chexical equilidrium computer model dy Plumner and cothers (1976).
This model uses equilidrium thercodynamic data and dissclved-constituent con-
centrations to calculate the theoretical saturation conditions for more than
160 minerals. These calculations indicate which minerals are therzodynan-
fcally supersaturated or undersaturated and, therefore, are Dossidly precipi-
tating or dissoclving in the sazpled ground-water systen.

QUALITY-CONTROL RESULTS AND DISCUSSION

Precision and Accurmey

Seversl quality-control seasures were used to test the variadility .intro-
duced into the wvater-quality results by sampling, shipzent, and amalysis.

Triplicate saspling of a landfill well demonstrated that the results of
nearly all parazeters were reproduced within 10 percent. DOC (dissolved
organic carbon), with a coefficient of variation of approxizmately. 100 per-
cent, was the principal exception. 7This variation may have been introduced
by use of vinyl tubing as s sanpling line or contamination of the ladoratory
equipnent used to odtain the sample.

. Differences between field and ladoratery measurezents of pH, specific
conductance, and alkslinity were generally less than 5 percent. These dif-

ferences indicate that chezical charges between the tizme of collection and
analysis were minimal.

- Rnalyses of a three-way split of one sazmple showed amalytical variadili-
ties of less than 10 percent for each parameter detersined.

For most sarples, the caticn-anion balance agreed within <« 5 percent.
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These qQuality-control findings indicate that the sampling and the amalyt.
jcal techniques used wvere effective for obdtalning precise and accurate
results for all parameters except dissolved organic cardbon. Because the
analytical variatien of DOC was minimal, some type of sampling error was
apparently responsidble for the cbserved variations of this parameter.

Comparisss of Well-Casing Materials

PVC (polyvinyl chloride) casing has been cited as the preferred casing
gaterial 4n most studies of ground-water quality, owing to 3tz chezical
{nertness (U.S. Environmental Protection Agency, 1877, p. 14f: and Hughes and
others, 1574). PVC 1s resistant to chezical degradation or dissolution by
21l commen chezicals except ketones, esters, and s=ozatics. The principal

-’ ~ limitation to its use $s 1:3 lack of physiul strength and susceptibility to
dazage.

Metallic casing materials may de subject to chezical degradation or dis-
sclution under reducing or x:zidic conditions. Dissolution ecould Sntroduce
{ron, manganese, and other trace melals inte the well water. Howvever, metal-
lic casings are stil]l desirable because of their ease of installation, physi-
cal strength, and resistance to dazage.

Several types of well casing wvere used {n the study: PVC, low-carben
steel, galvanized steel, and stalinless steel. An assumption made at the
beginning of the study was that, if a well casing vas properly flushed before
sazpling, the casing saterisl would have very little affect on the quality eof
water in the wells. Additional samples were collected at landfill site F and
st industrial-park site 109 to test this assu=pticn. .

Chezical analyses of water froz three wells at site F (wells F1, 73, and
Fi), screened in the saze shallow agquifer, sre presented in tadle 8. Al-
though the pE was not scidic, the ground-vater environzent was a reducing one

- (sdsence of dissolved oxygen and redox potentials <200 mv). Iren and mangan-
ese concentrations of water from the low-carbon steel well were in bdetween
those of water in the two PVC wells. These results are probadly due to the
increase in reducing conditions with depth, $ndicated by decreasing redox
potentials, rather than a result of casing dissoclution. This coneclusion is
supported by the virtually equal dlssolved-solids econcentrations of water
fron the three wells. Furthermore, there was practically no difference in
the eoncentntians of specific trace elezents 1a viter froz the three wells.

At site 109, three wells vere installed vithin 30 ft of each other. The
wells wvere screened at the same depth, but each was constructed of different
zaterials. Well 1094 was constructed with galvanized-steel casing and
screen, 1098 with low-carbon steel casing and screen, and 106C with stain-
less-steel casing and screen. All vells were pumped I1dentically and were
sazpled three times during the study. A simple analysis of variance cozpar-
ing the chemical analyses ~of water froz these three vells' was done on all
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Tabdle 5.--Chezica'1 snalyses of sazples collected
in Septexzder 1679 frozm three landfill wells
constructed of different casing materials

Wells at site F and

casing materials
. F&
.o 3 lov-cardbon| A1
Parazeter - Units {PVC | steel e
Well depth e 15 2k 202
pﬂ ) —— ’o. 701 7.7
Redox potential sV +212 <109 -]
Oxygen, diss. I T2 <,05 <, 05 <, 08
Solids, diss. mg/L  k22° 421 a9
Iron, diss. . /L 20 -.90 630
Manganese, diss. &L 20 60 70
Cadmium, diss. g/l <. S .5 <.§
Lead, diss. =/l <. 8 b 2
Arsenic, diss. wL <,8 <5 3
Chromium, diss. s/ <g <5 <5
Barium, diss. &L 200 <50 200

paraneters. The ANOVA dezonsirated that, for the three wells, measurezents
of {ron, canganese, pH, redox potential, and dissolved-solids values were not
significantly different at the 95-percent confidence level. Tne only para-
meter whose measurexents differed significantly was specific conductance,
which was highest in the low carden steel well. However, the explanation for
this high value is not increases in iron, zanganese, or other dissolved trace
getals but, rather, increases in chloride and magnesium. These findings at
the s3ite-105 wells support the assusption that the well-casing esterial has
1ittle affect on wvater-quality results when the well has been properly
flushed before sazpling.
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WATER-QUALITY RESULTS AND DISCUSSION

Analysis of Varisnce Results

The analysis of variante described in the section “Statistical and
Cozputer Treatzent of Data® was used to test the significance of differences
between means of certain groups of water-quality data. 7This statistical pro-
cedure vas used on 25 paraneters deterzined in the study. The results of the
analysis of variance are given in tadle 6. The values reported in the tadle
are prodabilities that differences in the values of a parazeter caused by a
particular factor are not due to chance alone. For exazple, the differences
in vater-tezperature dats due to sampling season were statistically signifi-
cant st the QG-percent level: that s, there i3 a 99-percent prodadility that
unequal pean texperatures result from different sazpling seasons and pot

bdecause of chance alone. Differences significant at less than 80-percent
Jevel were not reported.

Well-site location was the factor having a significant effect on the
largest number of water-quality parazeters (20). T™is result was nc surprise
because sanpling wells were placed upgradient and downmgradient from the land-
£111 sgpecifically for observing differences in water quality. The most
dzportant differences noted azong the 102 wvells evaluated a=~e discussed in
the sections "County Wells,"™ "Industrisl-Park Wells," and "lLandfill Wells*®
that fmzediately follow this section.

Though the factors site type and aquifer depth affected only 2 szall num-

" ber of parazeters separately, the interaction of these two factors signifi-

cantly affected the second largest nuzber of parameters. Differences 4n
vater-quality results azong the five groups of wells making up this factor
(shallow county, deep county, shallow landfill, deep landfill, and shallow
industrial park) were significant at the 80-percent or greater level for 1
of the 25 parazeters. The results for these five groups are su==arized in
the sections mentioned in the preceding paragraph.

The Duncan's multiple range test, used to determine significant differ-
ences between the group means, pointed out an dmportant general finding 4n
the results of the {nteraction between site type and aquifer depth. Concen-
trations of several parazeters {n saeples from the shallovw landfill wells
vere significantly higher than concentrations of thbose parazeters in sazples
from the other well groups. This pattern for di{ssolved solids $s {llustrsted
in figure 43. Similar patterns were also observed for potassium, sodium,
ealeium, specific econductance, hardness, ac=onia, chloride, sulfate, and bro-
mide. The leachate being produced by the landfill s prodadly the reason
that the concentrations of these parmazeters were higher dn the shallow aqui-
fer neapr the landfill than elsevhere. The differences between water quality
in the shallow landfill wells and the other four ;roups of uells are dis-
cussed in succeeding sections.
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Tadle 6.--Probabilities for five factors affecting watere
quality parazeters of county, landfill, and industriale
park wells, calculgud by analyses of variance

(411 values l.!f percentages; --, gignificant
. 8% <80-percent level)

Factors
Inter-
action
- of site
type
with Vell-
Site | Aquifer] aquifer |site
Parazeters type | depth | depth: |location | Season
Water tecperature 99 -99 - - 99
PR - - - Ss 99
Alkalinity -— - 95 99 -
Hardness ° - - 90 89 -
Specific ecnductance -— 80 e5 99 -—
Dissclved solids - 8o 95 9% -
Dissolved eoxygen Qs - -— 99 -
Redox potentisl 98 95 80 -— -
Silica - 80 - 99 90
Chleride - (o] - 99 -
Sulfate 98 - - 9% -
Brozide S0 - - 99 -
Caleium - -— 80 99 -
Magnesium .- - 80 99 -
Sodium - - 99 $9 -
Potassium - 1) §8 99 —
Iron 80 - 95 08 90
Manganese - - 98 99 -
Aluminume - - L - 99
Arsenic - .80 -— 99 %8
Boron $5 - 95 -— -
lLead L) -w -— o ’ 90
Dissolved organie
carbon - - - 99 -—
Anzonia .- 8o 80 99 -—
Ritrate . 8o - 8o 95 -

«100-

Sanmpling season significantly affected the fevest parazeters (7T of 25) of
any factor considered in the analysis of variance.
cant differences detected for € of the 7 constituents affected were within
the sampling or analytical error of these parazeters.
vere scurces of variation not separated out in the ANOVA. Thus, temperature

In addition, the signifi-

These types of errors



5

o1

3

NEAR DISSOLYED-SOLIDS CONCENTRATIONS, IR MILLIGRMNS PER LITER
[
¥

™ oter L YIRS SadLLov pter AL
SOUNRTY COUXTY IoUSTRIAL- LAROFILL LAXDFILL

wELLS wiLLs PARK WELLS WIS wiLLs

T2l AT

| TYT. 835 pareent
saniigensy
ety

Figure £3.-- Yariation of mean dizsolved-selids concentrations for five groups of welis,

wvis prodabdly the only parameter truly affecied hy sa=pling season. The tez-
perature of the water in the shallov agquifer paralleled the aziient air tea-
perature. The tex=perature ©f sazples collected 4n autumn (Septezber and
Octoder) was consistently higher than the tezperature of sazples eollezted &n
the apring (March and April). Possidle explasatiens why other water-—cuildty
parazeters were not affected By sazpling season are (1) seasonal ¢ifferences
in econcentration of chezical species are 8211l Becsuse Rfhere {3 3{ttle Bydro-
Jogic varfation seasonally &n the voluse of the ground-vater reserveir, and
(2) the ¢ifferences 4n tezperature (<2° C) are nmot great enough to alter

chezmical equilidria in the ground-vater systes.
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County Wells

Most county wells are in areas swvay from the probable influence of the
Jandfill and the industrial park. For this reason, the water-gquality results
odtained froz these wells were sssuzed to represent the background concentrae-
tions for the chezical constituents of ground water in northwest Elkhart

Cbunty. N

A statistical sumzary of the water-quality analyses for the shallow (<i5
ft) county wells is presented {n table 7, and a sizilar summary for the deep
county wells 1s presented in table 8. The means presented for all parameters
except redox potential, are the antilogs of the ratural-log transformed

_ Reans, which approxizate the geozmeiric means. The coefficients of variatien

presented differ widely froz paraceter to parameter. Most of the high coef-
ficlents of variation can bde attridbuted to parameter values being at or below
the detection limit of the analytical procedure used.

Results for the tuo sets of county wells include several general similare
ities. The two se’s have slightly Dasic pE (medians of 7.7) and very Rhigh
hardness (averages of 210 and 240 mg/L as CaZD,y). HRigh alkalinities (averages
of 150 and 250 =2g/L as QaC0;) indicated that both vaters vere well buffered by
carbonate equilidria. Dissolved-sclids concentrations for the two groups
averaged 280 and 302 =zg/L. The wvater type of msre than §0 percent of the
ecunty wvell sazples analyzed was calefium bicardonate. These DBasie vater-
Quality characteristics are typizal of ground water in glacial deposits én
the pidvestern United States (Freeze and Cherry, 1§79, p. 284).

The principal difference belween the shalleow and the deep county wvells
was in thelr redsx environanents. 7The water in the deep county wells had sig-
nif{cantly lower average dissolved-oxygen concentrations (0.% mg/L) and redox
potentials (-82 mv) than that {n the shallow county wells (2.4 2g/L and <246
Bv), respectively. Reducing conditions were present in most deep  wells,
whereas oxidi{zing conditions vere present in meost shallov wells. Reducing
conditions zay be caused by microbiological processes and chemical reactions
that deplete the oxygen in ground water where organic zaterial or other oxys
gen-consusing substances are present. If the aquifer {s .{n contact with the
atzosphere, as 3 shallow unconfined aquifer {s, the dissolved oxygen can be
replenished by gaseous exchange and diffusion. Rcwever, deeper in the uncon-
fined aquifer or in a confined aquifer, dissclved oxygen that £s consumed i3
not readily replaced. Furthermcre, the capacity of the reducing systez may
de greater than the rate of reaeration by diffusion. For several water-quale
4ty parazeters, the variation in concentraticn between the deep and the shal-
lov county wells was probdadly caused by the dissizilarity 4n the redox
potentials.

Mean nitrate and sulfate concentrations wvere significantly lower in the

deep county wells than in the shallow--0.17 and & =g/L in the deep wells and
2.3 and 27 mg/L {n the shallew vells, respeciively. The lower concentrations
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in the deep wells may have bDeen due to nitrate and sulfate acting as oxidiz.
ing agents after the dissolved oxygen was depleted. Also, the shallov agui-
fer may have recelved nitrate-enriched vater by infiltration froz fertilized
fields and residential lawns.

Dissolved-solids concentrations and specific-conductance values were
higher in the deep wells than in the shallow, owing to higher concentrations

" of iron, mangainese, bicarbonate, silica, sagnesium, snd sodium in the deep

vells. Iron and manganese concentrations wers significantly higher ia the
deep wells (0.71 and 0.10 mg/L) than in the shallow (0.03 and 0.01 mg/l),
respectively, prodadly because {ron and manganese cozpounds are more sclubdle
under reducing conditions. Bicardonate, the principal contributor to the
alkalinity, wvas also probadly solubdbilized, owing to reducing cenditions, as
it can de Influenced by Diclogically mediated redox reactions. Concentra-
tions of silica, magnesium, aad sodium were alsc significantly Rhigher 4n
wvater froz the deep wvells, pnsumbly because of longer contact time of water
with the aquifer minerls. :

In sgquecus solution, trace elements should behave sizilarly to {ren and
ganganese for two reasszs: (1) Several trace elezents are redox-gffected
parazeters, ss are iron and marnganese, and (2) their concentrations have been
shown to correlate closely with csncentrations of these two elements in most
systens, owing to adserption and coprecipitation with Sron and manganese
hydrous cxides (Jenne, 1568). However, concentrations of the trsce elezents
deterzined In this study (aluminuz, cadmium, chromium, percury, lead, arsen-
de, doron, seleniuz and Barium) were uniforzly lov (at or near detection lime
Ats for several) in both shallow and deep county wells.

Mean DOC concentrations were higher {n the gshallow wells (&.%k mg/L) than

" in the deep (3.2 mg/L). The significance of this difference {s questicnadle

bdecause of the large varladility in DOC concentrations {n replicate sazples
discussed in the section "Quality-Control Results and Discussion.® Leenheer
and others (1574) analyzed 100 sazples from vells and springs in 27 States to
obtaln background concentrations of POC. The median concentration of sazples
froz sand-and-gravel agquifers was 0.7 mg/lL. The range of concentration was
froz 0.1 to 15 mg/L, and BS percent of the ctencentrations were less than 2
2g/L. Leenheer and others (1974) recomzended 5 mg/L as a DOC threshold eon-
centration, which, 4f exceeded, would {ndicate organic ground-water contamine
stion. Although dissclved-organic carbon concentrations for the county wells
vere higher than the background median concentration for sand-and-gravel
aquifers, they were less than 5 ag/L.

The Ratfonal Interim Primary Drinking Vater Regulations (NIPDVR} ef the
U.S. Environzental Protection Agency (1575) estadlished the maximuz concen-
trations for certain inorganic chexzicals &n cozsunity-treated water systezs.’
These concentrations (tadle §) are estizates of the concentrations eof toxie
constituents that might adversely affect public heatlh.

Concentrations of § of the 10 {ncrganie constituents listed {n tadle §
vere detereined §n the study. Silver wvas not deterzined because 4t (s rarely
detected, except in areas of silver mineralizaticn or areas receiving photo-
graphic wvastes. Concentrations of silver detercined by the Indiarns State
Board of Health on untreated water froz the three Elkhart city wells wers
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Table 7.--Statistical summary of water-quality analyses for

shallov county wells, 1978-7%

[Al]l units of measure in 2illigrazs per liter except pH
or as indicated: ND, not deterzined)

=104-

Coeffi- .
ent of
Nusber of | . variation Range
Paraseter analyses Mean | (percent) | Maxiouz | Minisus
Tezperature (°C) . &y 13.0 5 19.5 8.5
pH > 1 R 2 8.5 7.1
Specific _

conductance . -

(urho/eca :

st 25* C) 3} ady -5 1,170 283
Cxygen, ¢ias. Y " 2.4 62 .8 1
Redox potential (=v) &U 219 &5 <280 «17
Hardness, tot. )

(as CaClj) &y . 210 - 170 120
‘Dissolved solids? &% 280 '3 €25 168
Alkalinity, tot.

(as Cally) &% 150 8 %0 €9
Chloride, diss. ay 17 32 210 A
Sulfate, diss. &4 &7 1% 250 1l
Fluoride, diss. 24 ol 92 ol <,08
Bronmide. diss. 10 ol 53 ol <.0%
S{lica, diss. b 1l T 1§ 7
Calcium, diss. L 1] 7 7 100 - 3
Magnesius, diss. a4 16 t 30 10
Sodium, diss. Ay 8 &2 170 2
Potassfum, diss. . A& 1.1 37 8.7 .3
Cyanide, tot. 10 <.005 WD <.005  <.005
Iron, diss. 8y 03 15 .03 <, 00%
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Table 7.~-Statistical summary of u::er—qualitybanalyses for
shallow county wells, 1§78-79--Continued

Coeffi-
cieat of
Number of variation Range
Paraneter analyses | Mean |(percent)| Maximum | Minimusz
Manganese, ¢iss. Ay 0.01 97 0.19 ~<0.005
Aluninum, diss. %] . €,00% T <0k €.00%
Arsenic, diss. 20 002 58< «007 <.0005%
Boron, diss. 20 .01 '3 .28 <.005
" Bardum, diss. 20 <.05 205 . <.05
Cadniun, diss. 20 <,000% F2E ] -001 <.000%
Chrozlum, diss. 20 <,008 91 202 <,00%
Mercury, diss. a0 <,0008  122) <.000% <, 00058
Lead, diss. 20 .001 102 006 <.0005
Selenium, diss. 10 <,000% 00 <001 <,0005
Phenocls, tot. 10 <, 0005 KD <.0008 <.0005
Organic carbdon,
diss. ax &4 39, 2k 3
Annonis as N, .
diss. ks «02 25 32 <.005
Nitrate, as K,
’ diss. -] 203 76 15 <,00%
Ritrite as N..
diss. L L -0 355 X2 <. 005
Organic nitrogen, .
as N, diss. an 08 132 «78 <, 005
Ortheophosphate :
as P, diss. Al 01 158 «05 <, 005

Ivedian value,

Zresidue on evaporation at 180° C.
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Table 8.--Statistical summary of water-quality snalyses for
deep county wells, 1978-79

{Al1 units of measure in 2illigran per 1iter except pH
' or as indicated; KD, not delterzined]

-106-

Coeffi-
. cient of .
. " | Nazder of variation Range
Paraneter anslyses Mean | (percent) | Maxizum | Mindimum
" Tezperature(°C) 24 136 'S 15.0  10.5
pH 2k S . g.2 7.3
Specific conductance ’ : | )

(imhosem at 25 C) 2k 548 2 8 a48
Dissolved oxygen 28 N B R 5!
Redox potential (av) r1] <52 1] «125 ‘~8
Hardness, tot. \

(as CaZ0y) 22 250 2 230 180
Dissoclved soclids? 24 302 2 503 238
Alkalinity, tot.

(as CaCO,) 24 250 1 280 210
Chloride, diss. 24 15 3 60 2
Sulfate, ¢iss. ok A 1] 80 <.0%
Fluoride, diss. & .2 38 o2 .l
Brozide, diss. 10 1 . 50 o2 <.05
Silica, diss. 24 18 3 17 12
Caleius, diss. 23 6_0 2 65‘ &8
Magnesium. diss. 23 21 . { 29 12
Sodium, diss. a3 18 28 70 é
Potassium, diss. 23 1.3 et 3.3 o7
Cyanide, tot. 9 <.005 RD . <,005 <,005
Iron, diss. 23 n .17 2.10 .0l
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Tadle B.--Statistical suzsary of water-quality analyses
for deep county wells, 1978-79--Continued

Coeffi-.
. tient of
Numbder of varistion Range
Paraseter analyses Mean |(percent) | Maximum | Minizum

Manganese, diss. 23 0.10 16 0.28 0.0
‘Alusioum, diss. 23 ©  <.005 .138 20 <005
Arsenic, diss. 19 «003 83 «018% <,.0005
Boron, diss. 20 02 A2 Y .12 <.005
Barium, diss. 29 ol 6 o2 .€.05
Cadziuz, éiss. 19 <.0005 308 .002  <.0005
Chrozium, diss. 19 <.005 88 01 <€.005
Mercury, diss. 10 <. 0005 W <. 0005 <,000%
Lead, diss. 1% «001 87 «007 <, 00058
Seleniuz, diss. 10 <.0005 K <, 0005 <«,0005
PhCQOI’. tot. 10 <,0008 (o] <,.0005 L,0005
Organie ecarbden,

diss. rd 302 33 b3 N
A==ocnis as N, .

dlas. 24 12 70 . <.008
Ritrate as K,

¢iss. 24 17 231 2.2 <,.00%
Ritrite as R,

diss. 28 -0l 228 001 <O°°s_
Organic nitrogen, .
Orthophosphate

as ’. ¢iss. 24 .02 201 17 <,00%

I4edian value,

2Residue on evaporation at 180° C.
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ot Thble 9.--Drink1ng-water standarﬁs for
el T selec:eﬁ 1norgmic ehcnicalz )

TR (S:urce. U.S. tnvironne-zul rrotect.icn
-7 iR Ageney (1975 and 1679%3), prmry

" -‘and ucondary nxuhtions. -7 . )
- -n:pecuuly] E f-'f": Vo S
Natioml Interia huonu Sccondu'y ‘.
~ Primary Drinkin; : Drinking Vater -
Water Regulngiou . | Regulations” " -
" 4. ]Concen= |- - Concsn-
R ) _ . _ f{ tmation | . [tration
~» s .. - - Parameter] (2g/L) Parazeter | (=g/L)
Arsenic 0.05 Chloride 250
. Bariun ~d.0 Copper p |
Cadniu= 010 Iron 3
Chromium «05 Mangaaese <05
: . Fluoride  11.5-2.% pH . €.5-8.5
- ' Lead . .05 Sulfate 250
. Hercury .002 Dissolved
- Nitrate 10 30lids 500
Selenium 01  Zine. S
Silver .05 '

" Iconcentration varies with tezperature.

less than 0.010 =g/L (Sam Lyle, Elkhart City Water Works, written cos=un.,
1980). Of the reraining nine constituents, only nitrate exceeded ts NIPDWR
limit. Nitrate concentration (as N) exceeded the 10-zg/L 1imit {n wells 38S
and 4€S, 15 and 1] mg/L, respectively, the only time each was sacpled. The
protadble cause for both of these high nitrate values was the infiltration of

vater into the shallow unconfined aquifer froz fertilized farm flelds in the
imzediate vicinities of these wells.

[

The KSDWR, or National Secondary Drinking Vater Regulatiens (U.S.
Environzental Protection Agency, 1979a), reco==ends paxizum liaits of inore
;anic chezi{cals and water properties that might affect the esthetic quality,
taste, or odor of drinking water. These limits are alsc given in tadle §.
Copper and zinc were not determined because, in preliminary analyses, concen-
trations of the twvo metals were less than or equal to 0.010 mg/L. Concentra-
tions of all other parazeters included in the NSDWR were determined.

-108-
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Dissolved-solids concentration exceeded the 500-mg/L limit in vater frem
wells 35S, 87S, and USS the only time that they were sazpled. In wells 3535

" and 87S, sodium and chloride concentrations were responsible for the high

dissolved-solids concentration, whereas, in uster fros well &9S, calciuz ang
sulfate were responsidle for the high concentrastion. The high sodium ang
chloride concentrations may have been caused by infiltration of roadside rune
off containing deicing salts.

Iron concentrations exceeded the 0.3-2g/L KRSDWR limit 4n 23 percent of
the shillow county well analyses and in 78 percent of the deep county well
snalyses. Manganese concentrations exceeded the 0.05-2g/L lizmit in 32 pere
cent and 87 percent of the shallow county and deep county well aralyses,
respectively. 7Two possidle explanations for the frequency of these high vale
ues are: (1) The area has & natural abundance of the tuo elezents in the
aquifer materials, and (2) the reducing conditions at depth in the aguifers
cause dissolution of minerals and costings contuining i{ron and manganese or
perzit these elexents to remain in sclution.

Industirial-Park Vells

‘Because 31l complaints adout ground-water gquality in the (ndustrisl-park
arez {nvelved shallow wells in the adjacent residential area, all water-quale
ity sa=pling was done {n observation wells screened at depths of less than &5
ft. This depth criterion asllcewed direct comparison of the results for these
wells with those for the shallow cocunty wells. The differences between
results for these tuo groups ©f wells indicate the effect of the {ndustrial
park on ground-water quality. The statistical sum=ary of the industrial park
wvater-quality results &s shown in tadble 10.

Inorganic Water Quality

Severz) general similarities between the inorger-ic water qQuality of the
shallow fndustrial-park ground water (tadle 10) an¢ :ne shallow ecounty ground
vater (tadle 7), respectively, vere observed--slightiy basic pH (medians, 7.6
and 7.8), high hardness (averages, 260 and 210 mg/L as CaCO;), high alka-
1inity (averages, 210 and 150 eg/L as CaCOy), and oxidizing redox

potential (averages, «261 and <246 ®v). Caleium bicarbonate water type wis

predozinant in doth groups of wells. Furthermore, owing to the similarity 4n
oxidizing conditions, concentrations of redox-affected paraceters  ({renm,

- manganese, sulfate, and trace metals) were comparadle ia water froz both

groups of wells.,
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Table 10.--Statistical sum=ary of water=quality analyses
for shallow industrial-park wells, 1978-79 -

[A11 units of au's'ure in 2illigram per liter except
pH or as indicated; KD, not deternined

Coeffi-
- cient of .
"Number of variation Range
Parameter analyses Mean |(percent) | Maximum | Minimuz
Tezperature (°C) (1 3.5 7 .-19.0 7.5
pE 6 .  37.6.: 2 83 1.2
3p§c3rie econductance 3

(izho/cz at 25° C) 66 585 N 998 396
Dissclved oxygen é6 ‘ 1.6 (1] 7.7 ol
Redox pdtential (zv) 1] ‘4261 &3 «518 5%
Hardness, tot. (

(as Caldy) 66 260 3 380 190
Dissolved aolids? 66 339 a 572 223
Alkali.nity. tot.

(as CaC0Qy) 66 a0 3 250 150
Chloride, diss. 66 29 32 110 6 -
Sulfate, diss. 66 28 20 57 <.5
Fluoride, Siss. 22 1 KD 51 ol
Brozide, diss. 22 ol 33 2 ol
Silica, diss. (1 n 5 bY | 9
Calciuz, diss{ 66 7% & 0o 83
Hagnﬁsiun. diss. (1 19 6 27 bY |
Sodium, diss. 13 15 28 55 3
Potissium, diss. 66 1.4 2 .2 .
Cyanide, tot. 22 €.005 ND <.005  <.005

66 01 97 £.10 <.005

Iron, diss.

-110-



Table 10.--Statistical sumzary of water-quality aml'yses for
stallovw {ndustrial-park wells, 1978-79--Continued

Coeffi-
cient of
. Fuzbder of variation Range
Parameter analyses | Mean [(percent) | Maxisuz | Minisun
ma‘.n‘,.g diss. 66 0.01 62 0.70 <0.00%
" Aluzinus, diss. 66  €,005 10§ .20  <.005
Arsenic, diss. 22 «001 _ a5 =011 «001
Boron, diss. 22 .0k 3 023 €.005
- .
Barium, diss. 22 <.05 124 | _<.0§
Cadziua, diss. 22 <€.0005 .160 .003  <.000%
Chrozium, diss. 22 <,.008 az 52 €, 008
, Mercury, diss. - RD KD XD 4]
lead, diss. 22 «001 119 <003 <.0005
Seleniuz, diss. - ND -] KD ND
- Phenols, tot. 22 <.0005 gt ] 037 <,.0005
Organic cardon,
diss. 66 3.1 ‘8 . 16 -4
Azzonis as N,
" diss. 66 0¥ 332 1.0 <.005
Fitrate as N,
diss. 66 2-1 65 9-’ _<.00$
Kitrite as N,
diss. (13 02 282 33 <.005
Organic nitrogen
as ". diss. 65 «10 125 078 <,00%
Orthophosphatae :
as P, Ciss. 656 <01 1585 10 <,005

IMedian value,

2Residue on evaporation at 180° C.
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Chroziuz concentration of water in well 116 (0.52 mg/L) exceeded the
KIPDWR limit of 0.05 mg/L (table 9) during the Septemder 1579 sazpling. The
reason for this single high concentration is not known, although chromium &s
often associated with metallic plating wastes. Confirmation of this result

i3 needed defore any further conclusions can de sade.

Dissolved-solids concentration and specific conductance were both gener-
ally higher in the industrial-park wells than in the county wells (fig. 43).
The 500-mg/L NSDWR limit for dissolved sclids (tadle 9) was exceeded in wvater
from two wells, 101 and 103, during both autumn samplings. These high dis-
solved-solids concentrations were primarily due to increases im chloride,

. sodium, calcium, and bicarbonate concentrations. These constituents wvere

prodadly introduced inte the shallow ground-vater systea by infiltration eof

. surface runoff containing rcad salt, lawn fertilizers, septis-tank crnucnt..

and other chezicals commonly l::cczncd with urdanized areas.

Concentrations of $ron and panganese exceeded their ueondary grinking-
wvater limits in wvater from only 9 and 18 percent of all shallov industrial-
park wells, respectively. Vhere present, these "high concentrations were
attridbuted to the nmatural abundance of {ron and manganese in the area and not
to any man-i{nduced {nput.

Concentraticns of all other inornnic parzzeters were less than their
respective drinking-water limits.

Organic Water Quality

The organic water quality of the industrial-park arez ground water was of
particular interest bdecause eight volatile organic cozpounds had been delecte
ed by the U.S. Environzental Protection Agency 4n four neardy residential
vells {n 1976 (Billy Fairless, U.S. Envircnzeatal Protection Agency, written
commun., 1976). Water sacples were initially collected for analysis to
define the distridution of dissolved organic cardon. Subdsegquently, samples
vere analyzed for three specific groups of corganiec coopcunds: acid-extracta
adle (phenclic) organic compounds, base/nevtral extractadle organic coz-
pounds, and volatile organic compounds. Acid-extractadle and Bdase/neutral
extractadle organic compounds (together, the nonvolatile fraction) were
deternined (n addition to the volatile fraction to learn if any other types
of organic compounds were 8 problem. Concentrations of a fourth group, pes-
ticides and herbicides, were not determined because previous analyses by the
USEPA had {nd{cated that these cozpounds were not {n the ground water (Ralph
C. Pickard, Indiana State Board of Health, written commun., 1977).

HBughes and others (1978) reported that dissolved organic cardon was a
useful and definitive indicater in outlining areas of degraded water in an
slluvial aquifer in Barstow, Calif. FHowvever, sanples collected for determin-
ing this .constituent were not wuseful 4n determining the distribution of
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organic compounds in the current study. The mean concentrations of the con-
stituent for the industrial-park wells and the shallov county vells were not
significantly different. The mean DOT concentrations of water from the wells
in the industrial-park netuwork are shown in figure 84, (Site 23S i3 included
because of its proximity to the industrial park.) The figure indicates that
~ eonly water froz wells 109, 110, 112, 116, and 122 had concentrations greater
than the S-mg/L dissolved-organic carden concentration suggested as a thresh-
old concentration for organic contanination of ground water by Leenheer and
others (1974). No sreal pattern of DOC concentrations could be defined from
the results. Either the variation {n concentration due to sazpling and
sralytical errors masked the areas of high concentrations of organic com-
pounds or the concentrations were too low to de measured by the analytical
procedure. Subsequent sampling for specific types of organic compounds was
done to cover as much 88 possible of the area where organic cozmpounds seened
to be 8 prodlem in the ground wvater.

Concentrations of phencls, the principal tompounds constituting the acid-
exiractatle organic cozmpounds, wvere deterzined for sazples from all 4ndus-
trial-park wells in the autumn of 197%. Concentrations of phencls in water
fron wells 108 and 115, 6 and 37 ug/L, respectively, exceeded the suggested 1
g/l standard (U.S. Eavironzeatal Protection Agency, 1576). The reasen for
the high concentrations is not known.

Sanmples containing bdase/meutral extiracladle organic cozpounds were €0le
lected angd analyzed in the spring of 1979, Results indicated trace amounts
(€1 1g/L) of only one compound (dutyl phthalate) in this class. Because no
si;nif:cmt concentrations of this type of erp-ic cozpound were found, no
additional samples were collected.

The third group of organic cozpounds investigated was the volatile organ-
{c compounds. Sazples for deter=ining concentrations of these compounds were
collected in April and Septexbder 1579. For both sazplings, a complete gas
chromatography-zass spectrozetry scan was $nitially run on a sarmple froz the
stzinless-steel well 109C. This well was chosen because 4t was close to the
wells where the USEPA had detected the volatile organic compounds 4n 1876 and
its stainless-steel construction minimized the possidility of contazination
of the organic samples. Concentraticns of compounds $dentified in the sazple
from well 1097 were then deter=ined In subsequent sazples. Concentrations of
the voltile organic compounds deterzined are given {n tabdle 1l.

The coobined volatile-organic-compound concentration made up only a szall
fraction of the dissclved organic cardon in alzost every sample., This fact
explains why DOC was not an effective indicator for organic degradation of
ground water {n the industrial park. Approximately cne-fourth of the sacples
"eollected from the sace wells in both April and Septemder 1979 had concentra-
tions of volat{le organic coopounds that differed by an order of one magnj-
tude or zore. Soze coopounds delected In one set of sazples were not
detected 4n the next. Differences were also noted between the results froz
the three wells at site 109, which were screened at the saze depth and were
vithin 20 ft of each other. Analytical recoveries deterzined by "apiking"
sazples with known concentrations of four of the volatile organic cozpounds,
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shown at the dotten of tabdle 11, demonsirated that analytical variatien eouylg
introduce as such as a 30-percent error {n some results. Losses of the vola-
tile cozmpounds during sazpling and analysis, as -well as the cverall lov een-
centrations (a few micrograzs per liter) of these cozpounds verse the factors
responsible for the variadbility in concentrations.

In spite of the limitations of the data, seversl important obdservations
and conclusions can be drawn. OfFf the eight volatile organic eSpcunds
detected (tadle 11), four _(methylene chloride, toluene, 1,1,l-trichlorc-
ethane, and 1,1-dichleroethane) were also detected in the analyses by the -
USEPA of sacples froz residential wells 4n 1976 (Billy Fairless, U.S.
Environmental Protection Agency, written comaun., 1976). These results veri-
fied the presence of certain volatile organic compounds in the ground water
of the industrial-park arss snd indicated that nvenl of .these compounds
have deen there at Inst 3 yr.

VYolatile organic eocpaunds vere dete:.ed in wvater from only eight wells:
103, 104, 107, 108, 109, 112, 113, and 23S. As shown in figure &5, all these
gites are in the northeast part of the industrial ‘park and the adjacent resi-
dential area.

Concentrations of the volatile srganic compnunds were not necessarily
higher {n water from wells within the industrial park than in wvater frem
wells cutside the park. The highest sverage concentmations for all organie
cocpounds were at sites 10U and 109 4in the adjacent residential ares. Fure
thermore, the concentrations of trichlorcethylene and 1,1,l-trichlorcethane,
the two most widely distriduted compounds, were dissi={lar in areal distridu-
tion. Several explanations for these findings are possidle: (1) The scurce
of the organic cozpounds {3 noct within the Industrial park: (2) the source is
within the industrial park but is nerth of the observation wvells sazpled; or
(3) there is more than one source for the different organic cozpounds. Addi-
tional dats would be needed to determine the source of these cozpounds.
Because the organic cozpounds were localized over a s=all ares, the $ndus-
trial-park observaticn-well nelwork was probadly not sufficiently detailed
for accurately locating s ssurce oOr delineating a plume of the detected
organic ecozpounds.

None of the National Interim Primary Drinking Water Regulations vere
exceeded in the analyses for organic coopounds because the only organic com-
pounds having limits are total trihalomethanes (U.S. Environzental Protection
Agency, 1979b, p. 68825) and several pesticides and herbicides (U.S.
Environzental Protection Agency, 1575). Only one trihalozethane (chloreforam)
vas identified in the study, and its econcentration d¢id pot exceed the
100-1g/L limit.

Only one volatile organic compound (trichlorcethylene) exceeded ESEPA
Bealth Effects Advisory Limits (National Research Council, 1380). The aver-
sge concentration of this cozpound in water from Industrial.park wells 108,
107, 112, and 113 exceeded the 200-1g/L short-tero zaximum limit (Joseph
Prince, U.S. Environnental Protection Agency, written cocmun., Septezber 25,
1979). The 20-1g/L long-ters 1limit was exceeded in at least one sample froz
six of the seven wells (104, 107, 108, 106C, 112, and 113), where trichlero--
ethylene had been detected. :
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Though the methylene chloride concentrations detecied did not exceed the
short-terz (7-day) advisory 1limit of 5 mg/L (National Research Council, 1980,
P. 128), ccncentrations in water from wells 109A and 1093 were 1.8 and A.%
pg/L, respectively. Whether these concentrations exceed any long-ters limit
for this compound is not known because data for calculating such a standard
are insufficient. .

Landfill Vells .

Shallow and deep 1andfill wells vere separated into groups by depth (<45
£t and 245 ft) to sllow simplified analysis of water-quality data and cozpar-
ison of these data with shallow and deep county-well data. .This separstion
by depth resulted in groups of wells that correspond fairly closely to the
unconfined and the confined agquifers at locations where 8 confining silt and
clay layer was present. The statistical sumzaries of the water-quality data
for these shallow and deep landfill wells are given in tadles 12 and 13,
respectively.

There are several general sizilarities in water quality delween the shal-
lov and the deep landfill wells--slightly basic pH (medians, 7.5 and 7.§),
high alkalinity (averages, 210 and 210 =g/l ss CaC0O;), and Righ Rardness
{averages, 280 and 230 =g/L as CaCQ;), respectively. Ine water type of
pore than 80 percent of the sazples collected fro= the landfill wells wvas
caleium dicardonate.

Cozparison of the shallow and the deep landfill.well data shoved that
partially oxidizing conditions (average redox potential, +18lmv; average dis-
sclved-oxygen concentration, 0.9 =g/L) were present i{n the shallew landfill
vell water, whereas reducing conditions (average redox potential, <26 mv:
average dissolved-cxygen concentration, <0.05 2g/L) were present in the deep
landfill well water, Concentrations of {rcn and silica in water from the
deep wells were significantly higher than the concentrations of these con-.
stituents in water froc the shallow wells, probadly because of the reducing
conditions and longer contact times bdetween the water and the aguifer mater-
{als {n the deep wells. Dissolved-solids, chloride, sulfate, calcium, sod-

fum, and potassium concentrations and specific-conductance values wvere higher
" 4n the shallow aquifer than $n the deep squifer. The differences are prod-
ably due to the presence of landfill leachate and its errec:s on water Qqual-
1?.7 {n the shallow wells.

Cozparison of the water-quality data for deep county wells with those for
deep landfill wells (tables 8 and 13) shows few differences. The data indi-
cate that reducing conditions and concentrations of most major cations and
anions, trace elements, nutrients, and dissclved organic cardon in vater from
the two groups of wells are similar.,
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The Xatiznal Interim Primary Drinking Walter Regulations were not exceedes
in any of the samples from the deep landfill wells. However, the Natiem
Secondary Water Regulations (table 3) for dissolved solids, iron, and mangan-
ese were excesded. Dissclved-soclids concentrations of wvater froz wells M2
and El (fig. N41), which are downgradient from the landfill, exceedes 300
2g/L. Seventy-eight and 88 percent of the iron and manganese concentrations,
respectively, of 3ll the deep landlill-well samples exceeded the MNational
Secondary Drinking Water Regulations for these two melals. This similarity
of wvater guality in the deep landfill wells and the deep county wells indi.

cates that the ground water underlying the Elkhart area 13 asturally high 4n
iron and meaganese. . )

e S-zg/L limit suggested by Leenheer and others (197&) a3 & threshold
concentration for organic degradation was exceeded 4n all four sacples ¢ol-
lecte? from well El. . This high ¢issolved-organic carbon eoncentration was
prodably caused by leachate from the landfill. :

Cozparison of the data for shallov county snd shallow landfill wells
(tadles 7 and 12) shows several significant difZerenczes $a water quality.
Samples. froz the shallow landfill wells ganerally had little dissclved oxvgen
(0.9 =g’L) and conly partially oxidizing conditions («15) mv). Mean dis-
solved-splids concentrations and spesific-conductance values of water fron
shallow landfill wells were higher than those ¢ water from .the ghallow
county wells. - Concentrations of chloride, sulfate, caleiuz, sodium, potas-
sium, and iron In water from the shallov landfill wells wvere also higher.
Leazning of waste zaterials fros the landfill dnto the shallew agquifer was
probably the cause of the differences.

Nitrate concentrations of water froz the shallow Jan4fill wells vere low-
er than those concentrations of water froz the shallow county wells. This
may have been caused by denitrification or nitrate denaving as an oxidizing
sgent in the landfill well water having 8 low dissclved-oxygen concentra-
tion. Aznmonia concentrations belng higher in the shallew landfill well water
than in the shallow county well water supperts the ides of nitrate behaving
&8s an oxidizer.

Nitrate concentration exceeded the 10-2g3/L KRIPDWR 1limit (tadle 9) in
three sazples, one from well E2 and two from well A2 (fig. X1). The high
nitrate in water froz well E2, directly dewngradlent from the landfill, 43
prodably caused by the leachate. 7he high nitrate in vater froz well A2,
upgradient froz the landfill bdut in the gedian of 2 rosd, may bhave deen
caused by runoff froz adjacent farm flelds.

In April 1979, the chroziuzm concentration of water from well M1, 4n the
l1andf{1), exceeded the 0.05-zg/L NIPDWR limit, but, 4n Septezdber 1979, tht
cohcentration fell below the linmit,

Durzn; the study, the NSDWR limit for dissolved solids (ubze 9) wvas
exceeded in water from wells B2, M1, E2, P1, K1, Q1, and F3. 411 the high
dissolved-solids concentrations except that in well F3 water were probadly
due to the effect of the landfill leachate. Well F3 is near a zain highway,
and the high dissclved-solids concentrition of its vater vas probadly due to
a high chloride concerntration contributed by a highway delcing chezical.
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Tabdle 12.--Statistical summary of vater-quality analyses
for shallow landfill wells, 1978-79

[A11 units of measure in milligraz per liter cxcepi pH
or as indicated; ND, not deterzined]

=120~

Coeffi-
. . cient of
Nuzbder of variation Range
Parazeter analyses Mean [(percent) | Maxizum | Minizum
Tezperature (°C) 62 2.5 8 20.0 1.5
pH 62 - 382 8.7 62
Specific conductance - - : .

(imho/em at 25° €) 62 - 152 0 ~. 9,220 s
Dissolved oxygen 62 9 1125 10.0 <.05
Redox potential (zv) 60 J161 51 <90 =172

_ Hardness, tot. : .

(as CaCOQj) 62 280 10 3,400 81
Dissolved solids? 62 49 11 8,080 181
Alkalinity, tot.

(as Cal0;) 62 210 6 3,100 35
Chloride, diss. €2 32 8 . 180 6
Sulfate, diss. €2 58 25 1,300 S
Fluoride, diss. 32 €.05 115 o1 <.05

" Brozmide, diss. 29 .4 105 7.1 <.05
Silica, diss. 62 10 17 56 1
Caleium, diss. 62 76 18 1,200 &k
Magnesium, diss. 62 2 18 63 5
Sodfum, diss. 62 29 35 750 6
Potassium, diss. 62 3.1 6% 53 1.0
Cyanide, tot. 30 <.005 305 <03 <.005
Ireon, diss. 62 15 &5 L <.005



Tadle 12.-~-Statistical sumsary of wvater-quality analyses
for shallow landfill wells, 1578-7G-Continued

Coeffi-
: cient of
Rumber of : variation Range
Parazeter analyses Mean | (percent) {Maximuz| Minimum
Manganese, diss. 62 0.04 - 54 4.0  <0.005
nunfimm{diu. £2 '.01 T2 38 <.005
Arsenic, diss. 73 .001 93 <029 <.000%5
Boren, diss. as .05 ™ 1.90 <005
v N ’.v N
Barium, diss. &5 <,08 118 «3 <.0F
Cadnium, diss. 1] <,0005 110 002 £,000%5
Chrozium, diss. P <.005 12t ' .07 €.00%
Mercury, diss. 3 <,0005 KD <.0005 <,0008
Lead, diss. 13 .00} ¢0 «010 <,000%
Selenium, diss. A <, 0005 387 <001 <.000%5
. Phencls, d¢iss. a9 «001 400 001 <,.0005
Organic carbdon, ’ .
¢iss. 62 6.1 64 3,280 N
A==onia as N,
w/ diss. 62 .82 P37 1Y <.005
Nitrate as N,
diss. .62 <93 124 16 <,005
Nitrite as N, .
. diss. ) 62 .02 213 «19 <,005
° Organic nitrogen
as R, diss. 62 52 6718 750 <. 005
Orthophosphate ) :
as P, diss. 62 .02 28 60 <. 008

IMedian value,
2Residue on evaporation 180° C.
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Table 13.--Statistical sunmary of water-quality analyses
for deep landfill wells, 1978-79

[A1]l units of peasure in pilligra= per Iitor except 93
or as indicated; ND, not detected]

-122- -

. Coeffi-
clent of
Nunbder of variation Range
Parameter analyses Mean | (percent) | Maximuz | Minizunm
Tezperature (°C) :ll 11.5 2 15.5 10.85 °
pH T Y 85 7.3
Specific conductance , . -

(imho/em at 25° C) T’ agy 2 1,050 356
Dissolved oxvgen T4 '€.0% KD ol <.05
Redox potential (mv) go <26 162 <118 =179
Hardness, tot.

(as Cal0y) 74 230 3 390 180
Dissolved solids? 78 266 5 625 137
Alkalinity, tot.

(as Cally) T 210 L 350 130
Chloride, diss. T4 10 - s | 11 1
Sulfate, diss. T4 12 &8 ao €.05

~ Fluoride, diss. &y ol &2 .3 <, 0%
Bromide, diss. 30 A 188 3.1 <. 05
Silics, diss. 74 i3 5 20 L

| Caleium, diss. 78 57 | 100 88
Magnesium, diss. 78 20 s 3 15
Sodium, diss. 74 ~10 % 100 3
Potassium, diss. 74 % O 39 €.8 N
Cyanide, tot. 29 <.005 ND €.005 <.005
Iron, diss. T4 .88 .11 1.k0 .08



Table 1%.-- Statistica) summary of wvater-quality analyses
Tor deep landfill wells, 1978-79--Continued

Coeffi-
ecient of :
Nuznber of varistion Range

- Parameter anslyses Mean |{(percent) | Maxizmuz | Minimunm
Manganese, diss. L .07 . 20 0.25 <0.005
Auzinum, diss. ™ <005 85 03 <.00
Arseaie, diss. g2 <004 g3 <030 <.0005
Boron. diss. 52 02 R .25 <.005
Ba-ium, diss. £2 <.05 o8 .2 <.05
Cadziym, diss. g2 <.0005 128 <002 <,000%5
Chroziue, diss. 52 <. 005 139 <02 <.003
Memcury, diss. 3” '<,0005 M <.0005 <,000%8
LesZ. diss. 52 .001 96 «012 <,0005
Seleniux. diss. 37 <.0005 WD <.000% <,.0005
Phenols. tot. 30 <,0005 257 «002 <,000%8
Organic cardon,

diss. 74 3.6 40 32 N
Azmonia as K, '

diss. 7“ 015 89 1.3 <.00%
Nitrate as N,

diss. : T4 .01 1 »07 <,005
Nitrite as N,

diss. - 74 <,005 €0& «01 <.005
Organie nitrcgtn' . : .
Orthophosphate . )

as P, diss. 7% <.005 269 <09 <,005

IMedian value,

2Residue on evaporation at 180° C.
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Forty-eight and 61 percent of the iron and manganese concentrations,
“pespectively, of the shallow landfill-vell samples, exceeded the A3DWR limits
for these two metals. These percentages were approximately twice those for
the shalleow county-well sazples, which indicate that the landfill wvas a
source of these metals and that the redox environment it crested wvas faver-
abdle for them to rezain in solution.

Sulfate concentrations of water froz wells B2, ¥l, and E2 exceeded the
250-ng/L NSDWR limit for this constituent. These high concentrations were
- sppareatly due to the effect of the landfill.

Dissolved-organic carbon concentrations exceeded the S-mg/L threshold
concentration suggestied Dy Leenheer and cothers (1974) 4n st least 75 percent
of the sanples collected from shallovw landfill wells M1, E2, K1, P, Q1, 12,
F3, snd A2. 411 wells cxeept F3 aad A2 were st sites directly dm‘ndient
from the landfill.

——
Tws volatile erganic compounds, trichlorcethylene (55 ug/L) and toluene
(23 1g/L), were $dentified in a sample from well M1 in the lanéfill. How-
ever, in wvater from well E2, 300 ft dovngradient from M1, concenirations of
these compounds were less than 2 1g/L. These results indicate that the com-

A pounds either did not stay in solution or were diluted very n;id y in the
ground vater to less than detection limits.

Effect of the lLandfill on Ground-¥Waler D-nut_y

In the preceding section, the landfill was cited as the prodadle source
of the high concentrations of many dissclved constituents. The high concen-
trations resulted from the formation o©f leachate within the landfill and
govezent of the leachate downgradient froz the site. To understand the ef-
fect of the landfill on ground-water quality, one must understand the origin
of leachate and scce of its comnon chezmical characteristics.

Precipitation on a landfill may leave the area ss surface runoff, return
to the atmosphere by evapotranspiration, or infiltrate the landfill. If &t
v/ infiltrates, the water percolates through the 8clid waste and may dissolve
chezical species. 7The percolating water contalns dissolved oxygen that can
be used by cicrobiological populations active in the landfill to oxidize
organic matter. Because of the large quantity of organic material in most
landfills, the supply of dissolved oxygen is usually not sufficient to satis-
fy the dezand. Thus, anaercbic conditions are ereated in the water while §¢
4s 3ti11 &n the landfill., Under these reducing conditions, solvent action
results {n a solution highly enriched In many dissolved chemi=al constitu=
ents and generally referred to as leachate. Lleachate moves from the landfill
into the ground-water systez and then moves in response to ground-water and
density gradients. It may eventually form a pluze of water ccntlinlng high
concentrations of dissolved constituents, .
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The general chemical characteristics of lanidfill leachate are a low dis-
solved-oxygen concentrastion, 8 lov redox potentisl, and a high dissolved-spl-
ids concentraticon. The specific constituents of the dissolved 30lids are
gifferent for each landfill because of the unique combdination of sclid wvastes
durie? at each site (Boggess, 1975; Zenone and others. 1975; and Kimmel an¢
Braids, 1980).

In the present study, eoncentrations of chloride, sulfate, caleium, sod-
dum, potassium, and iron 4in wvater froz the shallow landfill wells wvere gig-

- nificantly higher than concentrations of those consiituents {n water fros the

shallov county wells. Concentraticns of Ddicarbonate, =magnesium, brozide, .

' sanganese, dissolved organic carbon, az=onia, snd organie nitrogen in water

froz shallow wells in the vicinity of the landfill were also higher.™

The chezistry of the leschate can be explained pore clearly if the data
for the set of shallow landfill wells along the line C-C*' (fig. &1) are
exazined. Included in this group are wells Mi, B2, Q1, 13, and Kl. Chezical
anzlyses of sazples collected from the first four wells in Septezber 1979 and
from well X1 4n October 1978 are given in tadle l&., Mean values for shallow
county-well analyses are {ncluded for background concentration r¥Terence.

The wvater-gquality results cbttained from sampling well M1 {n the 1aadfill
vere assuzed to represent the concentrations of all parameters in the undi-
luted leaczhate. In water froz this well, there wis no delectatle dissolved
oxygen, a2 very low redox potential, and 3 dissolved-solids concentrztion more
than 25 times that of the zean background concentriticn of the shallow county
wvell water. All other concentrations for M1, shewn $n table 14, except
nitrate, were at least five tizes the concentrations of dissolve? constitue
ents in the shallow ccunty wvell water, Even for these high concentrations,
the vater type was still caleclium bicardonate.

In the adsence of dissolved oxygen, bacterisl populatiens {n the landrill
use nitrate, sulfate, and less-reduced organic co=pounds as oxidizing
sgents. Dissslved-nitrate concentrations of water froz well M1 were low, but
azzonia concentrations were very high, which dndicates that mest ¢f the
nitrate had already been oxidized, Sulfate conceatrztion was high, and a
strong hydrogen sulfide odor was noted. This auggesis that sulfate was dbeing
redused dy bacteria.

The high concentration of manganese in water fro= well Ml (4.& mg/L) ecan
be attridbuted to the reducing conditions under the landfill, 1Relative to
Zanganese, the concentration of iron was lov. Ferrous {ron (Fe*?) {3 known
to precipitate with hydrogen sulfide under the pH and redox conditions of the
ground water beneath the landfill (Stumm and Morgan, 1570, p. 523).. Thus,

" mueh of the iron was probadly present as an insoclubdle sulfide.

Righ concentrations of other constituents were prodadly due to wastes
buried dn the landfill. These constituents were mobilized by exchange and
dissolution reactions taking place during the formation of leachate.
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Tabdble l4.-=Chemical analyses of witer samples froz selected shallow
landfill vells, September 1979

[A11 units of measure in'iilligrnn per liter except as indicated)

Shallow
eounty Shallov landfill wells
Faraseters wells! M 2 Q 3 | nt
Oxygen, diss. 2.4 <0.05 <0.05 <0.05 <0.05 <0.05
Redox potential (av)  e2u6 6133 «130 05i *2l . <22
Diasolved 3olids? 200 7.830 3,60 M8 38 222
Specific eonductance . ' ' -
(imho/cz at 2%° C) &84 9.220 2.,8%0 793 638 354
Alkalinity as CaCOy 150 2,380 1,100 280 300 150
Chloride, diss. 17 987 98 23 17 8
Sulfate, diss. 27 620 190 8 S 36
Bromide, ¢iss. ol 74 5.9 2.3 1.6 o2
Scdium, diss. 8 570 400 54 20 5 -
Potassium, diss. 141 51.0 53.0 6.5 1.3 1.0
Magnes{um, diss. 16 90 75 L] 26 15‘
Caleium, diss. 57 1,200 64 77 82 53
Iron, di..ss. «03 «64 «93 1.60 1.20 «38
Hanéanesc, diss. .01 &,80 28 <10 «10 14
Anmonia as R, diss. .02 &50 20 4.1 32 .08
Bitrate as N, diss. 2.3 1.8 O .76 <.005
0;¢nn$e elrbop. édiss. §.8 3,280 1] n 6.6 $.1 -

Ishallow county well results are mean values froz table 7, which represent
batkground concentrations.

Ir1 vas sampled for bromide only in Septeaber 1979.

from October 1578 sanpling.
’Begidue on evaporation at 180° C.
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At well E2, 300 ft downgradient froz well M1, several significant changes
in the leachate chemistry were observed. Although no dissclved oxygen was
detected {n the water, an increase in the redox potential indicated that the

- system had Dbdecome less reducing. The dissclved-solids concentratien

decreased to less than a third of the concentration of wvater froz well Ml.

The wvater type changed froz calcium bdicardonste to sedium bdicarbdonate,
principally because of a significant decrease in dissolved caleiuz. Two types
of reactions may nhave been responsidle for the observed change: in water
type. The wvater may have been softened, imnediately downgradient froz the
landfill, by exchange of dissoclved eslcium for potassium or sodiue on the
squifer materials. The potassium concentration increased slightly in the 300
Tt between wells Ml and E2, whereas sodium concentration decreased less than
vould have been possidle by simple dilution or dispersion. Ancther explana-
tion for the decrease in calciuzm concentrastion is that some caleiuz nminerals
g2y have precipitated between wells Ml and E2. WATEQF, a chezmical-equilidri-
us computer progras, was run with the data froz both M1 and E2. Ihe results
showed that soludility products for caleite, aragonite, dolozite, and several
aluzinosilicates that contain calcium ‘were exceeded in both sets of data.
Thus, some caleiunm minmerals mav have precipitated under the conditions in the
systez at site E. A cozbdinaticn of lon exchange and precipitation was prode-
atly responsible for the decrease in éissolved caleium downgradient froz well
Yl.

A==onla concentration eof wvater froz well E2 was low in comparison with
thas of wvater froz well Ml., However, nitrate cconcentration of wvater fron
vell E2 was high {n cozparison with that of wvater froz well M1, These find-
ings indicated that nitrate-reducing bacteria vere prodadly the predozimant
zicrodiclogieal 4nfluence affectiing the water gquality at well E2. Further-
zore, little or nc hydrogen sulfide odor was detected &n wvater froz well E2.
Thus, very few if any sullfate-reducing bacteriz were sctive.

VWells Q1, I3, and Kl are progressively downgradient froz site M. Data 4n
tatle 14 show that concentrations of most parazeters gradually decreased %o
near-background concentrations at well Kl. The lev dissclved-oxygen and
nitrate concentrations and the hydrogen 3ulfide odor noted in these wvells
indicated that sulfate-reducing bacteria were active $n the shallew uncone
fined aguifer downgradient froo the landfill. .

Areal and Vertical Extents of the lLandfill Leachate

The areal and the vertical extents of landfill-leachate plumes Rave
tlassically been determined by observation of contentrations of certain indi-
cator paraceters. Clark and Piskin (1577) listed five Important characteris-
tics for an effective indicator: (1) Availability. The Indicator must be
availadle {n significant concentrations &n the waste material deposited 4n

the-landfill. (2) Mobility. The indicator pust be readily solubilized froz
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the s0lid waste and must move downgraZient with the leachate. (3) Persist-
ence. The indicator must be conservative: that {s, it must pot participate
in don exchange. adsorption, or precipitation reactions or smicroblioslogical
interactions as it moves downgradient. (&) Contrast. The indicator must be
present in significantly higher concentraticns in the plume than ia dack-
ground water. (5) Analyticity. The indicator must be readily measuradle bdy
8 standard method. :

‘Bromide wvas the best {ndicator of landfill leachate bdecause it satisfied
all the necessary criteria without any qualifications. It had been shown to
‘be & conservative, mobile, and =measurable parameter by Jester and Uhler
(1974, p. 1) and Jester and others (1977). Further, brozide was availadle 4n
significant concentrations 4in the undiluted leachate, 50 to 70 times the
dackground concentrations. Bromide concentration was at Background every-
where in the study area except in and downgradient froza the landfill.

Dissolved-solids concentration was unsuitadle as an sreal leachate indi-
cator because it wvas affected dy the infiltratien of rcad salt to the shallew
aquifer near streets in the landfill area. However, it wvas of scze use as a
vertical-plume indicator because there was sufficient contrast between bask-
ground and plume water at depth. Al]l other constituents considered as possi-
dle indicators were eliminated, prizarily because they were not coenservative
or were derived froz sources cthe~ than the landfill.

The bromide concentrations ohtaine?d from the shallow landfill wells 4n
Septe=ber 137% were plotted areally (fig. 46) to indicate the locatie= of the
leachate plume. The lines of egqual concentration a=e an estimate of the
extent of the affected ground waters. The directicnmal trend of the plime wvas
generally south from the landfill toward the St. Joseph River., Talis t=end
coincides with the regicnsl ground-vater flow.

The brozide concentrations of vater frez shallow wvells that are lateml
and upgradient froz the landfill (A2, C2, B2, D1, and 0l) were not sigaifi-
cantly higher than background concentrations of water from county wells,
which {ndicates that the landfill was the scurce of the bdrozide dowmgradient
fros i1t. The east boundary of the plume lies between site F, where bdrozide
wvas egual to background, and site P, vhere brozmide concentration exceeded
background. The west boundary of the pluze vas less definadle Because of &
lack of data. However, all cozplaints concerning the Qquility of well water,
received by the ISBH, came froz residences directly south of the landfill
boundary. These observations indicste that the leachate pluze had not spread
much laterally. The locatieon of the south edge of the leachate front in
Septezber 1979 was between sites I and K, 3,100 to 5, 600 ft downgradient froz
the landfill. Further definition of the front could not be made dezause of
the wide well spacing and the lack of sampling wells In some parts of the
area south of the landfill. The dashed line representing the l-zg/L brocide
concentration contour in figure 46 is an estizate of the extent of the pluzme.

The distance that leachate traveled downgradient frez the landfill was
caleulated by multiplying estimates of ground-wvater veloccity 4n the shallow
aquifer and the length of time that the leachate Rad been produced. An aver-
age value for ground-water velocity of 3 ft/d was estizated for the vicinity
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of the landfill. The length of time that the leachate had been produced was
not known, but it was estizated to be 5 yr on the basis of the date (1974)
when the residential well ecczplaints wvere recelived by the ISBH. The length
of the plume was calculated to be approximately 5,500 ft. This length falls
vithin the 3,100 to 5,500 ft distance {ndicated by the bromide data and dex-
onstrates that the use of the bdromide 1on to estimate the extent of the
leachate plume is rtasanable.

’ The vcrtiea! extent of the leschate plume was deterzined by plotting the
bromide data obdtained in Septezder 1579 for the sites on geologic section

" C-C' (fig. &7)e Two uporunt observations can be made from this data
.;rescntatioa. ) )

(1) At site I, the low bdrozide eoncentrztions of water in the
15-t well and the high bromide concentrations of water 4n
the 35-ft well indicated that the plume was sinking as 1t
moved downgradient. This sinking trend was prodably caused .
by the prevalling ground-water-flow direction and recharge
distridution 3in .this location. Difference in density
between the 1leachate and the contiguous ground water was
another possidle explanation (U.S. Environmental Protectien
Agency, 1977). )

(2) BHigh bdrozide concentrations of witer frozm the deep wells in
and izm=ediately downgradient froz the landfill (M2, E1, anad
E3) $indicated that the leachate had penetrated the aguifer
to at least the depths of these .wells. The high bdrozide
concentration of wvater from the deep well at site I indi-
cated that the leachate front was between sites E and I in
the deep aguifer. The lack of other deep sa=pling wvells in
this area prevented a more accurate definition of the
front's positioen.

There are various explanations of why the leachate penetrated the agquifer
to the depths of the deep wells at sites M and E. For exa=ple, although mo
downward vertical gradienmts were detected frozm the availadle wvater-level
data, downward flow could still have taken place during the history ef the
landfill. Also, with the absence of any significant clay or silt layer in
the immediate vicinity of the landfill, the leachate =zay have sizply dis-
persed and diffused down into the wells during the tizme that the landfill has
been used, possidbly being driven by density gradients or recharge patterns.
Actually, both explanations probadly apply.

The dlssolved-solids concentraticns of wvater at sites M, E, Q, and I in
the sutumn of 1979 and st site K in the autuzn of 1978 were plotted in geo-
logic section C-C' in filgure &8. The vertical extent of the dissclved-solids
data vas nearly identical with that of the brozide data, where leachate was
detected {n the deep wells at sites M and T but not at site I. The contrast
between the dissolved-solids .concentrations of water froz the shallow wells
at sites T and K and in the pluze was not as distinct as in cther landfill
vells, prodably owing to infiltration of rcad salt.
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Attenuation of Leachate

The leachate from a landfill can be attenuated by physical mixing (dis-
persion, advection, and diffusicn) or by chezical reactions and microdiologi-
cal {nteractions that involve rezoval of dissolved chemical conmstituents frea
solution or changes in the dissolved chemical species. Attenuation of the
leachate s demonstrated $n figure 49, where enrichzent ratic (sample concen-
tration/background concentration) is plotted against distance downgradient
from site M. This ratio decreases as the leachate s attenuated. Bromide, a
eonservative constituent, §s an excellent exarple of a paraczeter that under-
goes attenuation by physical rixing processes. The enrichment ratic of
brozide (71) 3t well Ml gradually decreased to unity by the time that the
leachate resched vell K2 (5,600 ft downgradient froz site M) because only the
Physical processes of dispersion, advection, and diffusion vere {nvolved.
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The landfill contains large quantities of twvo nonconservative parazeters,
calciuz and sulfate. Calcium &s involved in exchange and precipitation reac-
tions, whereas sulfate 1s involved in microdiclogically mediated reactions.
The enrichment ratics for these two paraceters were alsoc plotted {n figure
49, The calcium-enrichzent ratio dropped to near unity within 300 ft down-

- gradl{ent froz the landfill, whereas the sulfate enrichment ratic decreased to

unity within 1,800 ft downgradient at site Q. The concentrations of caleium
and sulfate decreased more rapidly than that of Dbrozide bdecause physieal,
chezical, and microdiclogical factors were affecting them., These factors
restricted the distribution of calcium and sulfate to 2 localfzed area arcund
the landfill. Brozmide &{ndicates the maxizuzm extent of the leachate plume.
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Erffects of Simulated Pumping on the Leachate Plume

The simulations in Part 1 indicated that the 20-Mgal/d pumping was the
only pumping that could cause even a szmall percentage of water to flov from
the landfill area to the well field proposed for the site at the alirport.
Even if significant quantities of leachate could be drawn into the area, fig-
ure &9 {ndicates that the leachate would be attenusted to Bdackground concen-
trations by the time it traveled the d{stance between the landfill and the
airport. Tnis distance i3 nesrly the saze as that bDetween sites M and K.
The conclusion is based on the assuzption that the ground vater being drawn
tovard the proposed well field would move with a velocity sizilar to that eof
the local ground water. Also supperting the conclusion was the adseace of
high conceatraticns of toxic chezicals except within sdout 300 ft downgrad-
dent froz the landfill. ~ ’

Because the 7.5~ and 10-Mgil/d pumpings simulated at the airport 4id not
significantly affect the grouni.vater flow systez in the landfill area,
analysis of the flow direction indicated that these pumpings should nol
affect the current position of the leachate plume. The 20-Mgal/d simulated
puzping slightly affected the flow systez near the landfill. Therefore,
analysis of the flow direction indicated that ground water in soze new areas
pay be affected by leachate if that pumping rate is used.

SUMMARY AND CONCLUSIONS

The agquifer systez in northwest Elkhart County consists of an extensive
unconsolidated outwash deposit averaging 175 ft in thickness. This deposit
i1s mainly corposed of ccarse sand and gravel. A layer of si{lt and clay aver-
aging 20 £t in thickness i3 interdedlded in the sand and gravel. The silt ang
clay bed, where present, confines the underlying squifer. Where the bed i3
adsent, as in the vicinity of the Himco landfill and the Elkhart Munieipal
Alrport, the entire aquifer {s uncoenfined. Average hydraulic conductivities
of the sand, and the sand and gravel, are 80 and 400 ft/d, respectively. The
outwash systexz extends beneath a till plain 4n the southeast part of the
study ares. Both unconfined and confined aquifers underlie till.

,Hov 4n the aquifers is generally towvard the St. Joseph River. Vertical
head gradients are minimal, except in areas pear the major streams, vhere
upward gradients exist. : . .

A quasi-three-dimensional ground-wvater flov model was constructed to sim-
uvlate flow in the Elkhart area. The podel was calidrated to the bdest match
of measured vater levels and seepage data. Sensitivity analyses were done to
detercine which areas of the model vere sensitive to parazeler adjustzents.
The model was sost sensitive to the vertical hydraullc ccnductivity of the
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streasbed for ceriain stretches of the St. Joseph and Elkhart Rivers and the
transzissivities of the uneanfined and the confined aguifers in areas near
these rivers.

Puzpings of 7.5, 10, and 20 Mgal/d were sizulated for z well field pro-

" posed for a site at the airport. Resulting drawdowns in the vicinity of the

puzping center in all sizulations were a s23ll fraction of the total satu-
rated thickness of the aquifer. Model-sizulsted streamflow reduction {n
Christianz Creek for these puspings were 9, 12, and 23 percent of base flow,
respectively. The model alsc showed that the 7.%5- and 10-Mgal/d pumpings
sizulated would not aller.the flow pattern encugh to cause ground-witer flow
froz the landfill to the vicinity of the pumping center. Results froz the
20-Mgal/d simulation Indicated that a small part of the flow to the pumping
center at the sirpert may come from the landfill area.

Two additionsl 10-Mpal/d sizulations of pumping at the alirport were
done. In one, the transzissivity of the aquifers was reduced to one-tenth
the calibrated value, and, in the other, the streazded leakance of Christiana
Creek was reduced by the saze faclor. Results from these two simulations
showed that the flow pattern would stil]l not be altered encugh to cause
ground-vater flow froz the lantfill ares to the airport. A transient simula-
tion showed that equilidrium conditions would be reached in approximately 600
days of 10-Mgal/d pumping.

An analysis of variance dezonsirzted that site location was the fastor
that significantly sffected the results of the greatest nuzber of water-qual~
ity parameters. Following in order froz most {nfluential to least were: the
interaction of site type and aquifer depth, agquifer depth, site type, and
sazpling season.

The general quality of ground wvater included slightly dasic pE (7-%), an
sverige hardness 2200 mg/L 88 CaCly, an average alkalinity 2150 mg/L as
CaCO,;/L, and, for more than S0 percent of all analyses, s caleium biear-
dbonate water type. Water in shallow wells generzlly differed froz water 4in
geep wells in that the redox potential of the watér in shallow wells repre-
sented oxidizing conditions, whereas, in deep wells the redox potential of
the wvater prepresented mostly reducing conditions. Naticnal Interim Primary
Drinking Water Regulations were exceeded for only one fnorganic parazeter,
nitrate. The Nationmal Secondary Drinking Water Regulations linits for dis-
solved solids, iron, and manganese were surpassed in several county wells.

The indusirial-park well wvater had the same general $norganic Quality
characteristics as the county well water. The investigation of the erganic
vater qQuality of these areas shoved that base/neutral extractadle organic
concentrations were no greater than trace azounts and that scid-exiractadle
(phenolic) organic concentrations were greater than limits suggested by USEPA
in vater from only two wells. Eight volatile organic compounds were detect-
ed: trichlorcethylene, trichloroflucoroczethane, methylene chloride, teoluene,
1,1,1-trichlorcethane, 1,1-dichlorcethane, chloreform, and 1,2-d{chleropro-
pane. Volatile organiec cozpounds were detected in water from only eight
vells localized &n the northeast part of the industrial-park and the adjacent
residential area. Health-effects advisory limits recozmended by USEPA for

-135-



7-4ay and chronic exposure to trichlorcethylene were exceeded in wvater frem
four and six of these eight wells, respectively. These results did not
define a plume or a socurce of these cozpounds.

The deep landfill-well water had the saze basic quality as the deep
county well wvater, but large differences were noted between the chezical
Quality of the shallow landfill and shallow county well wvater, owing to the
leachate $n the shallow lgndfill well water. The NIPDWR for nitrate and
chroniun were exceeded in water from three and one of the 45 wells sazpled,
respectively. NIPDWR limits for concentrations of dissolved 3solids, 4ronm,
and manganese vere surpassed in water froz several of the landfill wells.

The water chezistry of the landfill leachate was characterized dy no
detectable dissslved-oxygen concentrations, highly reducing conditions, and
dissolved-solids concentrations 25 times the background concentration. Con-
centrations of bdicardonate, brozmide, chloride, sulfate, aczonia, caleiusm,
zagnesius, panganese, potassium, scdium, and dissolved organic cardon were at
Jeast 5§ times the mean concentratiocns of these constituents in county well
wvater. Concentrations of most censtituents decreas2d vith distance downgrad-
dent from= the landfill and reached near-background values at s site 5,600 ft
downgradient from it.

Brozide and dissclved-solids concentrations were useful indicaters of the
1a=8741) leachate in the study. Areal plots of brozide concentrations of the
shallow lansgfill well wvater sghowed that the landfill was the scurce of the
leachate, the plume had not spread out much farther laterzlly than the ori-
ginal width of the landfill, and the leacshate was present beitween 3,100 ft
and 5,600 £t downgradient from the landfill. The lengith of the plume was
estimated to bde 5,500 ft. Brozide and dissolved-solids eoncentrations
plotted in cross section showed that the leachate pluze was sinking in the
shallow aquifer downgradient from the landfill and that the leachate wvas pre-
sent {n deep wells under and {mzediately downgradient froz the landfill.

The conservative constituent brozide was attenuated by dispersion, advec-
tion, and diffusion within 5,600 ft downgradient from the landfill, whereas
the nonconservative eonstituents, caleium and sulfate, were attenuated by
physical, che=ical, and microdiclogical processes within much shorter dis-
tances. Thus, even if pumping at the proposed well field would drav wvater
from the landfill area, attenuation would probadly reduce the high concentra-
ticns of mast leachate constituents by the time the vater reached the airport
site. Because the 7.5 and 10-Mgal/d simulated pu=pings di{d not signifi-
cantly affect the ground-water flow system in the landfill area, the current
pesition of the leachate plume prodadly will not change. However, because
the 20-Mgal/d pumping did slightly affect the flow systea near the landfill,
some new aress of leachate-influenced ground wvater may result froz this
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